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Strong decays of strange quarkonia
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In this paper we evaluate strong decay amplitudes and partial widths of strange rfstsamgeonia and
kaonia in the P, decay model. We give numerical results for all energetically allowed open-flavor two-body
decay modes of arhgandsgstrange mesons in thes1 2S, 3S, 1P, 2P, 1D and IF multiplets, comprising
strong decays of a total of 43 resonances into 525 two-body modes, with 891 numerically evaluated ampli-
tudes. This set of resonances includes all strapgstates with allowed strong decays expected in the quark
model up to ca. 2.2 GeV. We use standard nonrelativistic simple harmonic oscillator quark model wave
functions to evaluate these amplitudes, and quote numerical results for all amplitudes present in each decay
mode. We also discuss the status of the associated experimental candidates, and note which states and decay
modes would be especially interesting for future experimental study at hadedrdc, and photoproduction
facilities. These results should also be useful in distinguishing conventional quark model mesons from exotica
such as glueballs and hybrids through their strong decays.
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I. INTRODUCTION The spectrum of meson resonances to 2 GeV is only mod-
erately well determined at present, and little is known re-
Strange quarkonia are lighti{d,s) mesons with at least garding states above 2.2 GeV in any light quark sector. The

one strange quark or antiquark in their domineﬁtvalence nn multiplets expected te=2.0 GeV are 8, 2S, 3S, 1P,
component. These are known as kaonia if the dominant va2P, 1D and 1F, and of these 44 resonances, ca. 30 are now
lence basis state iss (Wherenzu’d)’ antikaonia ifsn, and known. Of the 22 Corresponding kaonia expected to 2.1 GeV,
strangeonia T ca. 13 are known. Strangeonia in contrast aterea incog-

A principal goal of light meson spectroscopy is the iden-nita. Counting the maximally mixeds-»" as oness state,
tification of exotica, which are resonances thatrsedomi-  only 7 probablessresonances of the 22 expected to 2.2 GeV
nantly qq states. These include glueballs, hybrids, and mulare widely accepted, these being thgzn’, ¢(1019),
tiqguark systems. In the case of explicitly exotic quantumh,(1386), f,(1426), f;(1525), ¢#(1680) and¢$;(1854). As
numbers, such as th€3=1"" exotic 77,(1600) resonance, we shall see, there are controversies regarding the nature of
exotica can be identified without a comparative study of thewo of these states as well.

qaspectrum. Models of glueballs and hybrids predict, how- In this paper we give detailed theoretical predictions for
ever, that the majority of light exotica will have nonexotic the strong decay amplitudes of two-body decay modes of all
guantum numbers, and therefore must be identified againsttae strange mesons expected in the quark model to ca. 2.2

background of Conventionm]a quark model mesons. In GeV. These decay amplitudes and partial and total widths are
some cases, such as the scalar glueball, there is evidencedsitrived in the®P, model, which(in several variantsis the
strong mixing between the gluonic basis state alﬁ standard model for strong decays at least for mesons in the

quarkonium states. In these sectors it may be difficult td’nitial state. Since most experiments will rely on strong de-

distinguish quarkonia from exotica, although the overpopuf@ medes and amplitudes to identify and classify meson

lati ¢ . tal lative to th . resonances, we have derived decay amplitudes to all open-
ation of experimental resonances relative o the najge — f4,qr yyo body modes that are nominally accessible. These

qguark model will indicate the presence of the additional basis . - —

states. results should be of use in establishing straggenesons, as
Searches for the expected rich spectrum of exotica withvell as in the identification of nogq exotica.

nonexotic quantum numbers will require a well-established Our results are presented in detailed tables of decay am-

experimental meson spectrum over the relevant mass rangéitudes, with entries for each resonance, decay mode and

of ca. 1.3-2.5 GeV, both to eliminate conventional quarko-2mplitude. We also include a short discussion of each quark

nium states and to study the possibility of a complicatednodel state and associated experimental candidates in the

pattern of mixing between exotica and conventional mesondext, and where possible we compare our theoretical decay
amplitudes to the data. We also note especially interesting

theoretical and experimental results.

*Email address: barnes@bethe.phy.ornl.gov, tbarnes@utk.edu In most cases we assume plqrEmesons with definitd,
"Email address: nblack@utk.edu L andSas both initial and final states. In some cases, such as
*Email address: prp@lanl.gov kaonia withJ=L, spectroscopic mixing is allowed and is

0556-2821/2003/68)/05401443)/$20.00 68 054014-1 ©2003 The American Physical Society



BARNES, BLACK, AND PAGE PHYSICAL REVIEW D68, 054014 (2003

known experimentally to be important, so we give results as A recent detailed theoretical study of light meson decays
functions of mixing angles. Finally, in certain channels suchfrom OGE pair productiof8] found that OGE decay ampli-
as 0 " and 0" " (-5’ andf, state$ mixing between basis tudes were typically rather smaller than required by experi-
states of different flavor appears to be a large effect, and ounent(the single exception found was’®,— 1S+ 11Sp)
results in these channels should be interpreted as decay a@d hence are presumably masked by a dominant, nonpertur-
plitudes for initial ideal basis states, intended as a referenclative decay mechanism. In addition, in certain decay ampli-
for contrast with experimental decays of the more compli-tude ratios such as the D/S ratiosbh— w (recently re-
cated mixed states. measured by the E852 Collaborati#l) anda,;— p there

The organization of the paper is as follows. After thisis a clear preference fayq production from a3P, rather
introduction we summarize théP, decay model used here; than an OGE sourcgl0].
some additional technical details of the calculations are dis- It is widely assumed that théP, model is successful
cussed in Appendix A. After the decay model we discusshecause it gives a reasonably accurate description of a non-
decays of strangeonia, and consider the status of states aggrturbativeyq pair production mechanism, such as breaking
give decay predictions for all states in th&,12S, 3S, 1P,  of the gluonic flux tube between quark and antiquark sources

2P, 1D and 1IF multiplets, in that order. The following sec- through production of a newﬁ pair along the path of the

tion carries out this exercise for kaonia. Our numerical réy,,, 1 he. Presumably, future studies of lattice QCD will lead
sults for these decay amplitudes and widths are presented |§ 5 more fundamental description of this strong decay pro-

extensive decay tables fqllowing the text. Fina_lly we givecess. Here we simply assume th@, model because of its
our summary and conclusions, and suggest topics of interegf,ccess as an approximate description of much of the experi-
for future studies of strong decays. mental data on strong decays

Although the ®P, model is difficult to justify theoreti-

Il. THE DECAY MODEL cally, it apparently does give a good description of many of
the observed decay amplitudes and partial widths of open-
flavor meson strong decays. There have been many refer-
nces published on the decays of light, strange mesons using

We employ the®P, decay model with simple harmonic
oscillator (SHO) gqq wave functions to evaluate two-body
open-flavor strong decay amplitudes and widths. This mOde\?ariants of the 3P, model (see Table )i with different

of strong decays was mtroduc_:ed over 30 years ago bY Iv“Cldhoices for the meson wave functions, the treatment of phase
[1], and was applied extensively to meson decays in the

1970s by LeYaouanet al. [2]. This decay model assumes SPace, and the details of thP, qq source. The flux-tube

. —  decay mode]22,19 is one well-known generalization of the
th?t str_ong decays take place through the productlonqu a 3P, model, in which the source strength is assumed to be
pair with vacuum gquantum numbers {0, which corre-

— ; } largest along a path connecting the initial quark and anti-
sponds to theé’P, state of agq pain. After pair creation the quark.

qzaz system separates into two mesons in all possible ways, We assume a fixedP, source strengtfequivalent to the

which corresponds to the two decay diagrams shown in Figaonrelativistic limit of an’, =g, pair production inter-

5 of Appendix A. Hairpin diagrams are assumed absent, andlction Lagrangiar{8]), simple harmonic oscillatofSHO)

in any case would not be allowed by momentum conservagyark model meson wave functions, and physicelativis-

tion in this version of the’P, model. tic) phase space. The procedures we use to evaluate decay
Recent consideration of conventional meson strong decaymplitudes and partial widths in this model are discussed in

mechanisms includes the field correlator meth®}] lattice  detail in Refs[8] and[23]; this paper is basically an appli-

QCD [4], pseudoscalar Goldstone boson exchafideone  cation of the methods of the latter reference to the strange

gluon exchangeOGE) (see below and heavy quark effec- sector. The decay model parameters assumed (ertne

tive theory (for heavy-light mesons notation of Ref.[23]) are qq pair production amplitudey

Since the®P, model predates QCD and has no clear re-_ 04 and SHO wave function scale parametg

lation to it, one might expect that a description of dec_ays IN_54 GeV. We assume physical, charge-averaged Particle

s ; ; . Bata Group(PDG) values for the meson masses when there
more rleallstlc. Therg Is strong experimental ewdgnce that thSre clear and relatively uncontroversial candidates for states,
qq pair created during the decay does have spin &g ( and otherwise use an estimated mass, based where possible
=1), asis assumed in both i€, and OGE decay models. on known states in the same multiplet or in the nonstrange
The strong experimental upper limit on the decayflayor sectors. Further details of the decay calculations are
’7Tz(1670)—> bl’TT (from the VES CO”abOI’atiOlﬁG,?]) of presented in Appendix A.

We use the’P, decay model to evaluate all decay ampli-
tudes and partial and total widths numerically for all the
] o ) _ — energetically allowed open-flavor two body modes of all ex-
provides strlkmg e_wdence n iavor (?qazl' 'F‘.theqq pected B, 2S, 3S, 1P, 2P, 1D and IF ssandns states.
quark rlodel trf’ 1S a_iD2—>1 P1+17S, transition, and This is the most complete survey of strange meson decays
any (@i9i)—(9i9¢)(qa;) transition from a spin-singlet to presented in the literature to date. For reference, in Table |
spin-singlets has a vanishing matrix element if thg; pair ~ we summarize previous strange meson strong decay calcula-
is created with spin one. tions.

B (1670)-b,»<1.9X107°, 97.7% C.L. (1)
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TABLE |. Some previous theoretical studies of strange meson decays in the literature. We indicate ahwgtlitedesare quoted,
whether decay widths are displayed for the individwalves and thephase spacgrelativistic (R) or mock mesoriM)] andwave functions
used[simple harmonic oscillatofSHO) or other(O)].

Reference Initial mesons considered Amps. Waves Phase space Wave function
This work 1S, 2S, 3S, 1P, 2P, 1D, 1F (ssandK) Yes Yes R SHO

[11] f1(1525), f,(2010), f (2220), f,(2150), No No R, M SHO

f,(2300), f,(2340)

[12] h,(1386), 2P, ss No Yes R, M SHO

[13] 13P, ss Yes Yes R, M SHO

[14] f4(1370), fo(1500), fo(1710) No No R SHO

[15] &, £,(1510), £4(1525), 13P, ss, ¢(1680), No Yes R, M o

(1S, 2S and 1P) K, K,(1580) K*(1717),
K,(1773), K% (1776)

[16] K%(1412), 3P, ss No Yes R SHO
[17] ¢,f5(1525), K*, K% (1412), K3 (1429), No Yes R, M SHO, O
K%(1776), 1°F, and 1°F, ss, KZ(2045)
(18] K,(1273) andK,(1402) Yes Yes M SHO, O
[19] 1S, 2S, 1P, 2P, 1D, 13F, (ssandK) Yes Yes M SHO, O
[20] 1°F, and 1°F, ss No No M SHO
[21] $(1680) No No R SHO
To emphasize how our work adds to the present literature Ill. STRANGEONIA

we compare to the most comprehensive earlier wetkf.
[19]). These two works provide predictions in the same
model with the same wave functions, except for a small dif- The study of strangeonia should enter a new era with the
ference in theyq pair production amplitudey=0.39 in Ref. ~ advent of the new Hall D photoproduction facility GlueX at
[19]), and different phase space conventigase Table).  Jefferson Lab and the future upgradete™ faciliies VEPP

The main improvement of our work is that we provide pre-(Novosibirsk and DAPHNE(Frascati. In interactions with
dictions for 3S and all IF initial states, and that we calculate hadrons a photon beam can be regarded as a superposition of

all decay modes allowed by phase space that can be prgector mesons with an importass component, so studies of
dicted by the model. The latter is exemplified by th&1  strange final states at GlueX should lead to considerable im-

states for which we calculate, respectively, for #®andK  provement in our knowledge of thes spectrum. The study
states 16 and 41 decay modes, while R&f] only calcu-  of diffractive photoproduction reactionsyp— Xp, should
lates 5 and 8 modes. Also, for thé2nitial states we calcu- lead to the observation of many=Q —) Ssstates. Atete-

late for thess andK states 32 and 73 modes, and @8]  facilities one of course makes only 1 states significantly,

only 8 and 16 modes. Another improvement of our model isyhich will provide an extremely interesting case study of a
that the phase space critical to decay is more correct due ure FC sector with broad overlapping resonances, presum-
more modern masses employed. For example, Rél.as-  aply including vector hybrids as well as quarkonia. Central
sumed the experimental resonandeg1380), K5(1430)  production has been shown at CERN and Fermilab to be

and 7(1440) [7] to have masses of 1470, 1240 and 1630,y effective in the production of candidate states such as
MeV, respectively. Also, the experimental resonances,yis| vectors, and it may be possible to use the STAR detec-
h;(1595) anda,(1640)[7] motivated us to use much lower o — .

S tor at RHIC similarly to studyss spectroscopy using
masses for theiss and K partners than used by Réfl9]: é)omeron and photon processes.
1850/1800/1950/1800 MeV versus 2010/1915/2030/1915 |, previous experimental studies, strangeness-exchange

MeV. reactions such a~ p— XA were used as strangeonium pro-

Since we use a narrow resonance approximation, ongction mechanisms. Unfortunately many of the more well-
should interpret our predictions carefully for modes that ares; ,qied hadronic reactions. such asp, have relatively

close to nominal thresholds. Some near-threshold modes th\:;tvt kss production cr tion
are energetically forbidden may actually have significant €aKss production Cross sections. .
Surprisingly little is known about the strangeonium sector

branching fractions when width effects are included, as is . .
noted in our discussions in several important cases. On%xperlmentally, due largely 1o the weakness of experimen-

should also note that amplitudes with large orbital angulaf@lly accessibless production cross sections. Only three
momenta between the final state mesons are often very seWell-established resonances have been shown to be domi-
sitive to phase space, and hence to the assumed mesoantlyss, these being the,f;(1525) andp3(1854).(Nega-

masses. tive searches or confirmations of weak branching fractions to

A. General aspects
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nonstrange final states are required to confism domi- TABLEII. 1S ss
nance). In this paper we hope to assist future searches for
strangeonia by giving detailed predictions for the strong de- $(1019)

cay amplitudes of albs mesons expected below ca. 2.2 GeV. \oqe I';(MeV) Amps.
For these calculations we employ the standaRr}, decay '
model, combined with SHO wave functions. This model has KK 2.5 1p,=-0.081
been tested extensively in decays of light nonstrange mesons,

and is known to reproduce the qualitative features of most T py=2.5 MeV

strong decays reasonably well, including relative amplitudes [ —4.26+0.05 MeV

in several well-known test cases. Although the model is not et
derived from QCD and is therefore of unknown accuracy in
its predictions in novel decay channels, it is the most aCCUsitions, such ap— mm, K* — 7K (and hereg—KK); if

rate description of strong decays available, and its predicy e se parameter values fitted to a representative set of

tions should at least serve as a useful guide in the search f?ligher—mass decay8,23), these $S,—11S,+ 1S, partial

higher-mass states. Once the model proves to be accurate | . .
a given channel, one can presumably trust the predictions iW'dthS are clearly underestimated. Fr>KK the predicted

other flavor partners of that channel. Alternatively, a clea nd Ebser\ied widthgTable 1) are Fthy_:2'47 MeV and
failure of the model may lead to important insights into thel expi=4-26=0.05 MeV/[7], So*rthy/rexm— 0.58. Similarly,
still poorly understood mechanism of strong decays. for the SU3) partner decay&* — 7K andp— m we find

Although we consider all open-flavor two-body decay I'thy/I'exp=0.42 and 0.32, respectivelyThese results fol-
modes allowed by the OZI rulésee Fig. 5 in Appendix A low from our standard parameter set=0.4 and j
some of these are especially characteristis®étates. Even = 0-4 GeV) The reason for this discrepancy relative to the

, T — decays of higher-mass states is not known; one possibility
though the and »" contain significanhin componentsy ¢

, -, S involving reverse time-ordered “Z-graph” diagrams has
and ' ¢ decay modes originate only fross initial states.

. ; been discussed by Page, Swanson and Szczep@fhk
Due to the OZI rule, the observation of a state with a large yrag Pk

branching fraction tay¢, ' ¢ or ¢¢ and small branches to
nonstrange final states can serve as a “smoking gun” for an
initial ss state.(This rule may need modification if gluonia 1. ¢$(1680
are nearby in mass, as in the scalar seclidre moden ¢ is . . —

y e | e The ¢(1680) is a natural candidate for tlss radial ex-

particularly attractive for identifying € (—) sscandidates, .. _.. . :
and we sfrongly advocate the study of this final state in fuS&t10" of the ¢L1019)_’ given its mass of ca. 250 MeV
ture experiments. We emphasize that decays to opergbove the 2S; nn candidatep(1465) andw(1419) and the

strangeness final states suchkag KK* andK*K* in iso- absence of anwmm mode [7]. The observation of the
lation donot uniquely identify strangeonia, since light-quark ¢(1680) inKK andKK* is sometimes cited as evidence that

isosinglet mesonf(uu+dd)/+/2] also decay to these open- this state isss. Of course this evidence is ambiguous, since
strangeness final states. nn states also populate these modes; indeed, there is a dan-
One might naively expect the higher-massspectrum to  ger of confusion of a$(1680) with annn state such as the
simply replicate thenn spectrum, ca. 200-250 MeV higher »(1649) if one considers only open-strangeness decay
in mass. There is already considerable evidence that this imodes. True evidence fas would be the observation of
not the case. First, the near complete mixing‘nﬁ andss large branching fractions to hidden strangeness modes such
states in they and %' is very well established. Second, there as 7¢, or weak branching fractions to all accessible non-
is circumstantial evidence that states in the scalar sector estrange modes. _ _
perience importannFHGHsgmixing, specifically in the Historically there has been considerable confusmn_about
unusual decay branching fractions of the three statethe ¢(1680), due in part to this ambiguity regarding te
fo(1370), f(1500) andfy(1710). Similarly, the two known versusss origin of neutral KK final states[26]. The first
isosinglet 2 * states,(1645) andz,(1870) are both ob- report of this state was by the DM1 Collaboration at DCI, in
served in central production by WA1(24], with compa- e*e” —K Kg[27], in which a rapid fall of the cross section
rable cross sections into the nonstrange final statg This  was interpreted as due to a new vector, #{@650). Similar
suggests strongn«ss mixing in the 2-* sector as well. behavior ine"e” =KK™ was also speculatively attributed
Thus we may find that the spectrum of states with hidderio a possible new vector meson by DNP8], and an excess
strangeness is rather more complicated than a simple u®f events ine*e”—K*K™ above 1.15 GeV invariant mass
mixed sgpicture would suggest, due to channel-dependenf/@S noted by the VEPP-2M Collaboration in Novosibirsk

annihilation couplinas ofin andss basis states [29]. Thise"e” —K™*K™ reaction was subsequently studied
piing : with slightly better statistics by DM230], who assumed a

$(1680) to fit the cross section.
B. 1S states Observation of a much larger signal irete”
There is a well-known problem with the decays of the —KgK™ =" [31] motivated fits with interference between a
lightest mesons that have allowe&3- 1S+ 1S strong tran-  ¢(1680) and g’ (which was needed to explain the domi-

C. 2S states
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TABLE IIl. 2S ss

$(1680) 75(1415-1500)
Mode I';,(MeV) Amps. I'i\(MeV) Amps.
KK 89 p,=-0.16
KK* 245 ’p,=-0.23 11100 3Py=+0.10—+0.20
né 44 3p,=+0.25
T'hy=2378 MeV ['thy=11—100 MeV
[ exp= 15050 MeV T expl 7(1440)]~50-80 MeV

nance of neutral over charge¢K* states in this channel = The KK* channel is also studied, and there is no evidence
the fitted ¢»(1680) parameters were ¥ML677+12 MeV and  for the 1750 MeV enhancement; in the neutd* channel
I'=102+36 MeV. A subsequent global fit by DM1 to these a limit of

KK and KK# channels together with data omr*e”

—wmm, pm, pyandprrinaw’-p’-¢’ model with inter- FX(1750)—>K°K*Oﬂﬂ-*'K_KSJrH.C.
ference gave ¢(1680) resonance parameters =NI680 r 0.065 90% C.L. (3
+10 MeV andI'=185+22 MeV [32]. DM2 next studied X(1750)>K K~

the reactione*e” —KKs [33] ande*e” —wnw' 7~ [34]
with improved statistics, and generally confirmed the DM1
results. Their fitted¢(1680) parameters were ML657
+27 MeV andl'=146+55 MeV, and interference between
this state and @' nearby in mass was again used to explain
the dominance of neutral over chargé&* modes. A cor-

respondinge” near 1650 MeV was clearly evident in the 0 evidence for two distinct states, although interference
e'e —wm 7w cross sectiorisee Fig. 6 of Ref[34]). The

only reported relative strong branching fraction for theWlth nn vector; may complicate a comparison of 'these two
$(1680) e*e" state, from DM1[32], is processes. This issue can be addressed by studying channels

in which interference witmn vectors is expected to be un-

B y(1680) - kK k> = 0.036+ 0.004/0.49- 0.05. 2) importa_mt, notgbly n¢, and by comparing the relat_ive
branching fractions to charged versus neutral modes in de-

*

The PDG quote this aB 4 1ss0) .kk/kkx = 0.07: 0.01. cays toKK andKK*. . .

Photoproduction exp(é(rime)ﬁts have reached rather differ- In. our decay calculat|o-n(sTab3Ie Il we find thatkK 'S.
ent conclusions regarding the ¢{1680).” The CERN predicted to be t+he7 dominant®3, ss decay mode, as is
Omega SpectrometdB5] found aK K~ enhancement in observed for the e state¢(1680). We actually predict a
yp—K* K p centered at M+-~1.75 GeV(see their Fig. KK/KK* branching fraction ratio ofB 4(1eg0)-kk/kK
4). A single Breit-Wigner fit gave the parameters=\1748 ~0.35, rather IaLger than the experimental ratio 0.07
+11 MeV andl'=80* 33 MeV. They noted, however, that =0.01. Our 2S, ssdecay predictions are in clear disagree-
interference effects can modify fitted resonance parametergjent with theKK dominance reported by FOCUS for the
and in a model including interference with light vector me- X(1750); evidently this state is not consistent with the
son tails a lower mass was found,M.690+ 10 MeV and 3P, model predictions for a 2S, ssradial excitation.
I'=100+40 MeV. A second Omega Spectrometer study of The 7¢ mode should be useful in establishing the true
this process by WAST36] advocated a single Breit-Wigner mass and width of the 35, ss state, since interference with
fit without interference, which gave a mass and width of Mgnstrange vectors should be unimportant in this channel.
=1760+20 MeV andI'=80+40 MeV, consistent with the  oyr prediction of a branching fraction ratio of
ear!ler photoproductlon_ result. Fermilab _photoeroguctl_on eXB¢(1680)—> Joikk=~0.18 should be reliable, since these decays
periment E40137] studied photoproduction &K~ pairs  4re”controlled by the same amplitude, have similar phase
at somewhat higher photon energies, and confirmed thgpace and differ mainly through a flavor factor. We strongly

~1750 MeV enhancement; a Breit-WignJe; fit gave the pagncourage the study of theg channel in searches for evi-
rameters M-1726+-22 MeV and I'=121+47 MeV. Fi- dence of a 2S, ss state in the %(1680)” region.

nally, the FOCUS Collaboration at Fermilab very recently
reported a high-statistics study of diffractive photoproduction
of K*K~ [38], and see a clear enhancement with a fitted _
mass and width of M1753.5-1.5+2.3 MeV and I The 2'S, ss state should theoretically have quite simple
=122.2+6.2=8.0 MeV, again consistent with previous strong decay properties, assuming thag’ type flavor mix-

photoproduction experiments but with much smaller errorsing is unimportant in the radially excited states. The only

is reported. Note that this is in striking disagreement with the
KK* dominance found for the)(1680) state seen ia'e ™.

In summarye* e~ and photoproduction experiments typi-
cally find “ ¢(1680)” enhancements at masses that differ by
~50-100 MeV, withe™e™ reportingK K* dominance and
photoproduction reportingdK dominance. This may consti-

2. 2!, ssand the 5 (1440) region
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open-flavor mode i&KK*, which is aP-wave decayTable TABLE IV. 3S ss

l1). Since the 3S, ss state is presumably rather close to

KK* threshold, we find a total width that varies strongly ¢(2050) 75(1950)

with mass; between M 1415 MeV and 1500 MeV the pre- T T

dicted width increases from 11 to 100 MeV. Since the experi- Mode (MeV) Amps. (MeV) Amps.

mental#(1440) is reported to have an importatK* mode

and has a total widtiPDG estimateof 50—80 MeV, it ap- KK 0 'P,=+0.0029

pears plausible as a'8, ss candidate. KK* 20 °P;=-0.047 53  °Py=+0.081
Unfortunately thezn(1440) suffers from many complica- K K 102 1p,=-0.039 o7 3P — 017

tions in the determination of its resonance parameters. One 5p, = +0.17 o

problem is that theSwave f(1426) signal is typically 35,20

present in the same reactions, and the"Gand 1" contri-  KKy(1273) 58 .

butions are difficult to separate. Another problem is the D;=-0.10

strong KK final state interaction, which distorts the (1402) 26 ’S=+0.083

7(1440)—-KK* —KK invariant mass distribution and ! 3p,=0

2 docay 10mag(380) [30) If there actaly 1 a strong <0 (1412 P em-01

y tomag . ually i *

ma,(980) mode, what this tells us about thé1440) is un- KKi(Mzg) o "Dy;=+0053 O *Do=—0.016

clear because tha,(980) itself is not well understood. Fi- KK*(1414) 93 °P;=-016 25  °Py=+0.12

nally, there are suggestions of several™Oisosinglet states KK (1460) 29 'P,=-0.10

near this mass, because fits to thew andKK 7 final states neo 21 %p,=+0.10

give somewhat different masses for the parent resonances ;4 11 3p,=—0.11

[7]. Of course this might also be due to final state interac- 35,=-0.078

tions or interferences that vary between channels. The recenh,(1386) 8 5 '

evidence from E852BNL) [40] for two resonances(1415) D,=-0.060

and 7(1485) in thesamedecay channeKK*, may be more

significant. If this is correct, the existence of the three states I'ihy=378 MeV F'hy=175 MeV

7(1295), 7»(1415) and»(1485) suggests the presence of

additional degrees of freedom beyond the twdI2'S, qa statistics studies al/¢— yyV (V=p°, » and$) would be

quark model states expected in this mass range. very important experimental contributions, which should be
The 7(1440) confusion may be dispelled through the¢. siple at CLEO-c.

study of different production mechanisms and decay modes. | such data become available, we can summarize the
POSS|b|I|t_|es includeyy production(these rates can_be cal- status of ther(1440) (assuming that this is indeed a single
Cu"'ﬂeq n @e quar.k m'odel, and f:hecked agalnst. We”'state by noting that the reported total width and two-photon
establishedq states in this mass re%lband flavor-tagging  partial width appear consistent with expectations for'&,2
radiative decays such ag1440)—yp®, yw andyé. o qpate decaying dominantly 6K*, but final state inter-
There is a recent report from L[31] of a signal consis- actions may invalidate this agreement.

tent with the(1440) inyy—KsK* 7", with a two-photon
width of D. 3S states

1. The unobserved)(2050)

r 1440]-Bkk,=212t50+23 eV [41], 4 — : . .
rl 7(1440]-Bycr [44] @ The 3°S, ssvector state, to which we assign an estimated

mass of 2.05 GeV, is not known at present. This state should

which is comparable to the larger of the theoretical expectapé important in future spectroscopic studies because with

. . e T _ 17~ quantum numbers it can be made both in diffractive
tions for the two-photon width of a3, ss state.(Scaling

> photoproduction and ie* e~ annihilation. A hybrid with the
the Ackleh-Barnes result’,,,[ 7(1300)]=0.43-0.49 KeV  qame quantum numbers and a similar mass is predicted by

[42] by 2/9 for flavor and (1.44/1.8)for phase space gives e fiux-tube model45,46, so overpopulation of this sector
I',(2'S; s9~140 eV. Similarly scaling the Nw  may be anticipated.
m(1300) results, which use three different modéi3], gives The 3P, model predicts that this will be a rather broad
FW(leo $5~30-100 eV) state,I',~380 MeV (Table IV). In flux-tube decay models
Although little is known experimentally about the radia- the correspondingshybrid is predicted to be much nar-
tive transitions of any higher-mass states, there is an earlywer, T',,,~100-150 MeV[25,47. The dominant decay
Mark Il report of a largen(1440)— yp° partial width[44]  modes of the 3S, state are predicted to b&*K*,
that, if confirmed, would invalidate the assumption that thisk K * (1414) andkK;(1273), in order of decreasing branch-
is a relatively puress state. Measurements of the radiative ing fraction. All these lead to importatdK 77 final states.
partial widths of then(1440) and other states through high- The large branching fraction for theS3- 1S+ 2S transition
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to KK*(1414) may appear surprising, since this decay am- TABLE V. Experimental and theoretical partial widths of the
plitude has three nodes. These, however, are &fi;(1525). Note the unreportedK* mode.

x=|p¢|/B~2.4, 4.5 and 7.5, rather far from the physical

. . . S Mode: I'; (MeV KK KK*
~0.4, so there is no dramatic nodal suppression. Hgtds  (MeV) K i
the momentum of the final mesons in the rest frame of the f5(1525) (expd 655 7.6+25 0.60-0.12
initial meson. Assuming that the decay model is accurate, it f,(1525) (thy) 61 8.6 10.4 0

will be very interesting to see whether the problematical
K*(1414) is indeed produced copiously i#{2050) decay,

as expectgd if thé(*(14l.4) is the 2S,; state..FinaIIy, the f,(1275) andK%(1429). Althoughnﬁ—»sg mixing is al-
KK mode is near a node in th®, decay amplitude, and 0 joyyeq in principle, in practice thé,(1525) appears to be
is predicted to be very weak. —
A study of thess-signature modes;¢» and ' ¢ may be
an effective experimental strategy for identifying this state.
content to a few percent.

3’S, s§¢(2050) is predicted to have significant branching Our decay model predictions are in good agreement with
fractions to both of these final states, whereas the decay coys, reported total width of 7610 MeV (we predict 80

plings of anynn state toanything +¢ should be weak. Mev) and the known partial widths, shown in Tables V and
Close and Pag¢47] anticipate that thesshybrid vector VI. There is a difficulty with this comparison, however,
should also have a large¢ branching fraction, although the which is that the PDG gives partial widths assuming that
7' ¢ mode of the hybrid should be weak. only the modeXK, n# and 7 contribute significantly. We

We note in passing that since tK¢ andK* are antipar- find that the neglected modeK* should actually be about
as large asyn. There is only a weak experimental constraint
on this mode at preserByy»<0.35 at 95% C.L[7].

close to puress, the mixing angle is strongly Constraineg by
Athe experimental 5(1525) yy coupling, which limits thenn

ticles, neutral K*K*)° final states of definite isospin have
diagonal C-parity,

CIK*K*)Lsi= (=) S K K ) s (5) 2. 1,(1426), (1510)

. . . . The status of axial-vector states in this mass region has
C-parity conservation forbids many transitions to VV state%? ng been confused, largely due to the overlap of irgportant

that one might expect to appear in the decay amplitude tables ¥ 1+ and 1' - amplitudes iNKK 7 hadroproduction

based on angular momentum alone. The two C-forbidde nearKK* threshold. Although some studies of phase motion
i *K* (5 .
amplitudes here argy(2050)—K*K* (°Py) and ¢(2050) of these amplitudes have been repoffté¢@,48, the statistics

*K* (5
—KIKT (PF). to date have not been sufficient to extract convincing indi-

2. The unobservedy(1950) vidual resonance phase shifts in the pseudoscalar or axial-
3 N , vector channels.
The *P, decay model predicts a relatively narrowS3 Three light, G=(+) axial-vector isosinglets have been

ssstate, withl";,;=~175 MeV, decaying dominantly t§K* claimed experimentally, thef,(1285), f,(1426) and
and K*K* (Table 1V). Experimental confirmation of this f,(1510). There is also evidence for thg(1285) and
state may be difficult despite the moderate width, due tdf,(1426) inJ/¢ radiative decays angty*, and some rather
small production cross sections and the absence of characterore controversial evidence i# ¢ hadronic decays. The
istic sgsignature decay modes such ag. Nondiffractive  various reports of axial-vector signals were summarized re-
photoproduction of this € (+) state is expected to be weak, cently by Close and KirK49], who expressed skepticism
since y—V followed by nonstrange t-channel<¢—) me-  regarding the existence of &3(1510), and speculated that
son exchange does not leadds states(assuming the Oz| there might be significantn« ssflavor mixing between the

rule). As anss state, theyy(1950) will also have a smayy  [1(1285) andf,(1426).

coupling. B
Radiative transitions from th& ¢y may be a more appro- TABLE VI. 13P, and 1°P, ss
priate technique for identifying theys(1950), sinced/y
—yn and yn' are both known to have relatively large f5(1525) f0(1500)
branchi_ng fr_actions, and no im_portam sqppressipn iS eX- Mode T,(MeV) Amps. T, (MeV) Amps.
pected in this process. Hadronic production of this state may-
also be effective in reactions with significass production KK 61 'D,=+0.15 214 1S,=+0.28
cross sections. KK* 9 °D,=+0.056
7 10 p,=-0.13 66 15,=-0.33
E. 1P states 7y 0 'D,=+0.0073
1. f5(1525)
, , _ — I'ypy=80 MeV py=279 MeV
This state is almost universally accepted assthmmember T ayp= 76+ 10 MeV see text

of the 1°P, qa flavor nonet, together with tha,(1318),
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600

3P, model is roughly consistent with the reported width of
the f1(1426), given the uncertainties in modeling the effect
of the nearbyKK* threshold.

At the mass of 1530 MeV reported by LAYS3], the

theoretical width of a 2P, s§f1(1530) is a very large 459
MeV. Assuming the decay model is realistic for this channel,
the relatively small reported width of =100+40 MeV

makes thef;(1530) appear implausible as &R, ss state.
As the decay model predicts a quite strong coupling be-

tween the bare quark model*®, ss state and theKK*
decay channel, and these are close to degenerate, it may be

necessary to treat this as a coupteinn andKK* system.

P35 14 T4 15 15s 16  This concern applies to the'P, sssector as well.
M [GeV] In future experimental work it will be important to test the
__ expected resonant phase motion of th€1426) in channels
FIG. 1. TheoreticakK* widths of 1°P, f, and 1!P, h, ss  in which this state and others are present with comparable
states versus assumed mass. amplitudes. This is especially important here because of the
possibility of misinterpreting a nonresonant threshold en-
The historically confused experimental status of lighthancement as a resonant state.
axial vectors has improved considerably with high-statistics Future accurate measurements of radiative transition rates
central production experiments opwa, KKm and 47  of the f1(1426) and the other axi_al vectors will be of great
states by WA102CERN) [50,51] and KK7r by E690(Fer-  importance in testing candidatgq assignmentd54-56.
milab) [52]. Central production oKK7 and »# in this  Transitions such a$;(1426)— vyp and y¢ are flavor tag-
mass region has been found to favor axial-vector quanturging, and will allow determinations of the amount of flavor
numbers strongly, and very cledr(1285) andf,(1426) mixing in the parent axial vector¢This is especially inter-
states are observed. There is no evidence of,4h510) in  esting because Close and Kirk9] cite evidence of impor-
central production. tantnn—ssmixing in the axial vector systemThe absolute
In view of their masses, the obvious assumptlon is that theadiative transition rates are among the S|mplest and presum-

f1(1285) is the light, domlnantlym 13P, state, and the ably most reliable quark model predictions tpg mesons, so
f1(1426) is its dommanﬂy;s 13P, partner. Since there is a 2 set of accurate measurements of radiative partial widths to
controversy over the identification of thig(1426) or the Y@, yp andy¢ could be definitive in establishing the nature
f,(1510) as the 2P, ss in Fig. 1 we show théP,-model qf the axial vectors and othgr states |n-tlh|s mass region. A
total width prediction for a range of P, ss masses(The first measurement of the radiative transitiby{1426)— v
only open-flavor two-body mode below 1.77 GeVKK*.) has been reported by WA10&0], who quote a relative

branching fraction of B =0.003+0.001
The nominal threshold is 1390 MeV, however, as he ng ! i fllil“f%)”‘g”” )
_.KK* decay is dominantigwave we find that the width ~+0-001, corresponding tol'[ f,(1426)— y¢]~150 keV

increases rapidly with increasing mass. At=NM420 MeV (b_Ut clearly not yet_ well defuerminedGiven_the large errors,
the predicted width is 254 MeVsee Table VI, and the this may be consistent with the theoretlcal expectation of
resonance envelope would obviously be strongly distorted by iyl f1(1426)— y$]~50 keV for puress initial and final

the nearby threshold, which is atAE<T,,,. Other calcu- mesons[57]. Evidently experimental accuracies of ca. 10
lations of the f,(1426)—KK* width, also using the keV will be required for definitive radiative transition tests of
3P, model but taking threshold modification of the Breit- ss quark model assignments.

Wigner resonance shape into account, quote effective widths

500~
r

MeVv] |
400

300

200

100

of ~70 MeV [15] and ~120 MeV [19]. Thus the 3. %(1500) and §(1710)
The scalar sector is of great interest, since LGT predicts
TABLE VII. 13P, ss. that the lightest glueball is a scalar with a mass near 1.7 GeV
[58] (neglecting decays and mixing with quarkoni@/e also
f,1(1420-1530) expect P, nn andss quark model scalars at masses of

~1.4 GeV and~1.6 GeV, respectively, so the=l0 0"
sector may be expected to show evidence of overpopulation

KK* 254459 35 =—0.47——0.40 relative to theqaquark model in this mass region.
3D, = +0.0092 +0.043 Ideall_y we might hope to distinguish a gluepall from'
guarkonia through anomalous decay or production ampli-

Ty = 254459 MeV tudes. Assuming unmixef} qq states, we would expect the
see text 7o decay mode to identify then state, wherealsK andnn
final states should be populated by bathandss. To illus-

Mode I';(MeV) Amps.
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TABLE VIII. Experimental branching ratios fai,(1500) andfy(1710) from the WA10260] and Crystal
Barrel[61] experiments, normalized to thew branching ratio.

State Experiment 7w KK ny nn' 4
f,(1500) WA102 1 0.330.07 0.18-0.003 0.096:0.026 1.36:0.15
CBar 1 0.184-0.025 0.080.04 0.065-0.008 1.62-0.18
fo(1710) WA102 1 5.60.7 2.4-0.6 <0.18 <54

trate this, in Table IV we show th&P,-model predictions for momentum dependence, other aspects of these states should

the decays of a purss f,(1500); a total width ofl’,,,  be studied for information regarding their Hilbert space de-
=279 MeV is predicted, with branching fractions B  composition. In particular, radiative transitions may be a
=76% andB,,,=24%. more_appropriate approach for the identification of the

In contrast toss, the flavor-singlet decay amplitudes na- andss components of these states, since one-photon transi-
ively expected for an unmixed glueball should popula®¢h  tions from nn basis states will populateyw and yp°,

T _and KI_( modes. The relative flavor-singlet branching \ hereasss will populate y¢ [64]. A simple study of the
fractions(with phase space removedre invariant mass distributions ofw and y¢ should tell us a
great deal about flavor mixing in the scalar sector.

The two-photon couplings of these states may similarly be

s . effective in identifying theirjq components, since the®P
Three =0 scalar states are known in this mass region, the — fying 99 b 0

fu(1370),((1500) andfy(1710); the experimental status of nn scaElr IS predlgted to have a largey width than any
these states was summarized recently by Am@6t. The  otherqq state. Anssstate should naivEIy have a two-photon
branching fraction ratios reported by the Crystal Barrel andwvidth about 2/25 as large as itssD nn partner, whereas a
WA102 Collaborations for thed(1500) andfy(1710) are glueball should have a weaky coupling. (Vector domi-
given in Table VIII. Neither of the higher-mass states showsance may modify this simple picture, for example if a glue-
the flavor-singlet decay pattern expected for a scalar glueball has a largep coupling) The recent strong L3 limit on
ball; instead thefy(1500) strongly favorsmm over KK,  the yvy partial width of thef,(1500) [41] may constitute
whereas thefo(1710) favorskK over mar. Since the ob-  evidence that then component of this state is rather small.
served branching fractions of these states do not match thg contrast, thef,(1710) may have been seen iy
expectations for decays of unmixed states, several studies O—f>KsKs by L3 [65,66 and Belle[67]. (There is some dis-
3x3 mixing models have been carried out in which the scazgreement between these experiments; L3 favors dominance
lars are allowednn), |ss) and |G) components; see for of K¢Kg by J=2, whereas Belle favors=0.) Future experi-
example Refs[18,60. In these studies Amsler and Close mental studies of two-photon widths should prove very in-
[18,59 concluded that théy(1370), fo(1500) andfy(1710) teresting as tests of the nature of the scalar states.

are dominantlynn, G andss, respectively. In contrast, We-

ingartenet al.[62] prefer the assignmenfg(1500)~ ssand 4. h,(1386)

fo(1710~G. Theh,(1386) has been reported by only two experiments,

There is evidence of an additional complication, which is ; ey
that the intrinsic strong decay amplitudes of the basis state_lé'a‘SS [53] and Crystal Bal[68]. It is nonetheless a convinc

themselves are strongly model- and parameter-dependerffd candidate for thes partner of the 1P, statesh,(1170)

Determination of the state mixing matrix from decay branch-2"d b1(1230), in view of its mass and dominant decay to

ing fractions,assuming slowly varying decay amplitudes KK*. (KK* is the only open-flavor decay channel available

is done in the mixing models, may therefore lead to inaccuto a 1"~ ss state at this mags.The total width of 91

rate results. One concern is that thié,-model decay ampli- +30 MeV reported by the PDG is problematic because the
> i * * iatri ;

tude for fi%-PsPs has a node at|p{]=(32)8 state lies atKkK* threshold, so th&KK* mass distribution

~0.8 GeV. This is close enough to the physical momenta oftNd effective width will not be well described by a Breit-
final pseudoscalars to invalidate the use of simple relativeVigner form. We may compare the reported total width with
flavor factors, especially irfo(1710) decays. In addition, €xpectations for a 1P, ssstate in a qualitative manner by
Ackleh et al.[8] found that the usually neglected OGE decayvarying the assumeld; mass. As we increase the mass from

amplitude is anomalously large ii9%—-PsPs so the 1390 to 1440 MeMby roughlyT'¢,,/2), the predicted width

3P, decay amplitude may not be dominant in scalar decays\.'arles from O to0 160 MeV(Fig. 1 and Table IX Since this

Finally, there is evidence from LGT of violation of the naive ""9€ 1S qualltatlyely similar .to the experimental 91
flavor-singletG-PsPscoupling amplitude often assumed for =30 MeV, the assignment of this state t6R, ssappears
a pure glue state; see Sextenal. [63]. plausible. -

Since these states may well have important flavor mixing, Theoretical modeling of thes state andKK* continuum
and the strong decay amplitudes for scalars may have strorag a coupled-channel problem, including the effect of the

B(1)/p.s. (mm:KK:gpn:nn':n'n')=3:4:1:0:1. (6)
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3P, model anticipates nontrivial relative strengths; the
dominantS and D-wave spin-quintet amplitudes are pre-

TABLE IX. 1'P; ss.

h;(1390-1440) dicted to be comparablD,/%S,=—0.59, and the quintet
Mode I’ (MeV) Amps and singletD-wave amplitudes are in the ratRD,/'D,=
: — /7. (The spin-triplet amplitudé€D, is identically zero due
- B o
KK 0—160 S,=—0.34-—-0.32 to C-parity)

Unfortunately there are ne?rsignature modes open to
this state, given our assumed mass of 2000 MeV. However,
for this broad state we would expect to observe some cou-

pling to thess-signature modeb¢ above threshold, and the
intrinsic strength of this mode is quite large; at a mass of
. o 2100 MeV, the theoretical partial width IS,,= 143 MeV.
nonzeroK* width, should allow predictions of the expected The 53, amplitude is dominant ifi,(2100)— ¢, however,
KK* d|str|bu£|ons for both resonanssHKK_*)_ and non-  he D-waves should be observab®D,/5S,= —0.12 given
resonant KK* threshold enhancemendescriptions of the s masy and have the same characteristic pattern as in
h,(1386). K*K*,'D,:°D,=1:— 7. °D, is forbidden to¢¢ states

by Bose symmetry.

Since the experimental spectrum at this high mass is
poorly established, it is not possible to identify clear experi-
mental candidates for this state. There is a LASS ref&@i

The 23P, ss tensorf,(2000) is predicted to be a broad Of @ resonance irK*K* with a mass and width of M
state, with a total width near 400 MeV, decaying dominantly= 195015 MeV andI'=250+50 MeV, which might be
to KK* andK*K*. (See Table X for decays of’P;states.  this 2P, ssstate. However, little is known about this state
The K*K* mode has three nonzero amplitudes, and thet present; possiblé’d quantum numbers include™ and

3D;=0——0.022

I'hy=0—160 MeV
T exp= 9130 MeV

F. 2P states
1. f,(2000)

TABLE X. 2%P;ss

f,(2000) f1(1950) f,(2000)
Mode I';(MeV) Amps. I, (MeV) Amps. I';(MeV) Amps.
KK 64 D,=+0.11 47 15,=-0.093
KK* 142 %D,=+0.13 68 35,=+0.0025
3D,;=+0.092
K*K* 101 ’5,=-0.16 29 5D,=-0.11 89 15,=+0.080
'D,=+0.036 5Dy=-0.16
5D,=-0.094
KK1(1273) 14 3p,=+0.045 108 3p,=-0.16 423 3p,=+0.30
3F,=+0.032
KK1(1402) 21 3p,=—0.086 1 3p,=-0.025 0 3p,=—0.0048
°F,=0
KK§(1412) 1 p,=—-0.026
KK3 (1429) 21 5p,=—0.093 8 5p,=+0.081
5F,=—0.0050 5F,=-0.00087
KK*(1414) 4 3D,=+0.039 80 35,=-0.22
’D,=+0.013
KK(1460) 0 1D,=+0.016 125 15,=+0.26
nn 16 D,=-0.11 9 15,=+0.082
nn' 19 D,=+0.097 0 15,=+0.012
7' 7' 0 D,=-0.029 25 15,=-0.24
77s(1415) 0 D,=-0.021 64 15,=-0.38
I'ypy=403 MeV T'ypy=296 MeV I'yy=782 MeV
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2~ % in addition to 2", and the isospin has not yet been TABLE XI. 2P, ss.
determined.

In view of the predicted strong coupling of théR, ss h,(1850)
state tog ¢, the signals reported in this channell in previous Mode T, (MeV) Amps.
glueball searches should be assessed as possibly due to this
state.(The other 2 * ss state expected near this mass, the KK* 95 35,=-0.024
13F, f,(2200), is predicted to have a very wedkp cou- 3p,=—0.12
pling.) The reactionm™ p— ¢¢n was studied at BNLL70], K* K* 64 35,=+0.21

and evidence for three %2 states at masses of 20%F%,

2297+28 and 233955 MeV was reported. The first of °Dy=+0.037

these BNL states is an obvious candidate for the theoreticdi<1(1273) L °Py=+0.024

23p, ssf,(2000). The experimentdh(2011) was found to né 33 °5,=+0.098

have a ¢¢ partial width decomposition ofB(°S,) ’D;=+0.12

=98"2%, B(°D,)=0"'% andB('D,)=2"2% [70]. The

Swave is clearly dominant as predicted fofR, ss, how- I'ihy=193 MeV

ever, this is unsurprising given the lack of phase space. One

might test a 2P, ssassignment for thé,(2011) by search-

ing for this state irK* K* andKK* final states. Table XI.) Only four open-flavor modes are accessible to the

h,(1850), and of these orf&KK,(1273)] is predicted to be

2. The unobserved;{1950) numerically unimportant. The moddéK* and K*K* are

The 2°P, ss state is predicted to be moderately broad,/argest, but the relatively large branching fraction predicted
with T',=~300 MeV. It may be most easily identified in the to the ss-signature modey¢ (B, ,~15%) and the smaller
KK* mode, in which it has a very characteristic dominancebackgrounds expected in this channel suggest;jigashould
of D-wave KK* final states oveS-wave. Evidence for this be ideal for identifying then,(1850).

unusual amplitude ratio has been reported forahgl700) The large photoproduction cross section reported for the
[71,72, which is a candidate P; I1=1 partner of the 1P, h;(1170)[73] makes the 2P, h;(1850) an attractive
f1(1950). target for diffractive photoproductiofil2]. Since the flux-

A nonexoticnn-hybrid with F°=1"" is predicted at a tube model predicts nonexotic hybrids with these quantum
similar mass in the flux-tube modgt5,46]. The Isgur-Paton numbers nearby in ma$45,46, it will be important to iden-
flux-tube decay model predicts that this will be a very broadtify this state as a “background” quarkonium resonance.
state[47], however, a®S; variant of the flux-tube decay
model studied by Page, Swanson and Szczepdgiiksug-
gests that this hybrid might be rather narrow. In the latter G. 1D states
case overpopulation of the*l sector of the quark model 1 1854
near this mass might easily be confirmed. The hybrid, unlike - P )

the 23P, ssstate, is predicted by Page al.[25] to have a The ¢3(1854) was first reported iK™~ p— ¢3A in a 1981

dominantSwave amplitude in itk K* decay mode. CERN bubble-chamber experimeii4]. It was reported in
KK and KK*, with a total width of 50—120 MeV and a
3. The unobserved{2000) relative branching fraction oByy«xk=0.8+0.4. Subse-

guently in 1982 the Omega Spectrometer Collabordtits
at CERN observed thep; in K"K™, and reported a mass
and width of M=1850-1900 MeV and'=110-250 MeV.

The 2°P, s§f0(2000) is predicted to be very broad, with
a total width of I';;;~800 MeV. This is the largest total
width predicted for any of the states considered in this paper, :
. . : ore recently the LASS Collaboratidii6] observed th
The dominant mode is expected tolKK ;(1273); this mode in KK~ angi/ KeK**, and in sevq(;:ral] fits found m?sases

is also predicted to dominate the decays of another broagmd widths of M<1855 MeV andl’ <60+ 30 MeV. The

stat.e,. the D, ss ¢(185.0). Thef(2000) theoreticz_illy hfas PDG gives averaged masses and widths of 1854
s_uff|C|.entIy strong couplings t&K gnd K’f K* to be |de_nt|— +7 MeV and I'=87"2 MeV [7]. A branching ratio of
fied in those channels, especially if the coupling tog — 055985 vas quoted by LASS
d resulting very large total width are overes-- KK*/KK= 299045 Was g y : .
Egégjf’)t:n% d model. Unfortunately there are n In the *P, model with our parameters we predict a total
Y i et 0 ecay model. ortu a_ey ere ‘r’T € no ¢3(1854) width of 104 MeV and 8+ ,kk branching frac-
characteristis s-signature modes open to this state, with thetjopy of 0.52 (Table XII), consistent with experimental esti-
possible exception of the very problematical channelmates. We also predict a larger K* mode, with a relative
nns(1415). By« k* /Bkk branching fraction of 0.70. ThK* K* mode is
interesting in that four independent amplitudes are allowed;
4. The u_nObserVEd (1850) the 3P, model predicts thP; K* K* amplitude to be domi-
Unlike the other P ssstates, the %P, h,(1850) is pre- nant and®H; to be zero(Decay to the®F; K*K* state is
dicted to be moderately narrow, wiff,,=193 MeV. (See forbidden by C-parity.
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TABLE XII. 13D, ss.

PHYSICAL REVIEW D68, 054014 (2003

$3(1854) $,(1850) ¢(1850)
Mode T';(MeV) Amps. I';,(MeV) Amps. I';(MeV) Amps.
KK 45 'F;=-0.10 65 1p;=-0.12
KK* 24 SF,=-0.059 151 3p,=+0.14 75 Sp;=+0.11
3F,=-0.049
K*K* 32 5p;=+0.15 7 5P,=+0.073 5 !p;=-0.054
1F;=-0.0024 SF,=+0.0072 5pP,=+0.024
5F ;= +0.0052 °F,=+0.0088
SH3=0
KK1(1273) 0  3D;=-0.012 2 3D,=+0.028 478  35,=-0.45
3G,;=—0.00061 3D,=-0.019
n¢ 3 *F;=+0.046 53 3p,=-0.20 29 3p;=-0.15
%F,=+0.038
I'thy=104 MeV T'ihy=214 MeV I thy=652 MeV

T oxp=87"33 MeV

2. The unobserved),(1850) The very strong coupling predicted kK ,(1273) may be
The identification of this state would be very interesting,t€Sted independently, assuming that tg1649) and
as no 2~ states are known at present. Thg(1850) is p(1700) are the 0 and =1 1°D; nn partners of the

attractive experimentally because the mass of the ss  hypothetical$(1850). Thesen states are predicted to have
multiplet is well established by theéb;(1854), and the total analogously large decay amplitudesd1649)— mb; and
width is predicted to be relatively small;;o;=214 MeV.  p(1649)—ma,,why, which will presumably be studied in
Only two decay modes are predicted to have large branching" e~ at VEPP and DAPHNE.

fractions, KK* and n¢. The latter is a very attractive Determination of the excited vector spectrum is of interest

sg-signature mode, which we expect to coupling stronglyi” part because the flux-tube model anticipates vector hy-
. — brids[45,46, which the existence of the;(1600) suggests
only to states with larges components.

The $,(1850) can be diffractively photoproduced, al- M&Y be in this mass region. The vecm}hybr_id is predicted
though the strength of the 2 photoproduction amplitude is to have a rather smaller total width than teisquark model
not known. The dominarikK* and ¢ final states will al- ~ state[25,47].
low tests of the*P, model, since these modes are predicted
to have significant®P, and °F, amplitudes. We predict
3F, /3P, amplitude ratios of- 0.34 forKK* and—0.19 for
7¢ (Table XII). A measurement of this ratio in either decay ,,y three open-flavor modes are accessible given our nomi-
would provide an important test of thtP, model in a new nal massesKK*, K*K* and KK,(1273) (see Table XII).

angular channel; the existing accurate amplitude ratio testg i+ is predicted to be dominant, with a branching fraction
have only considered decays lof=1 mesons.

4. 1,(1850)

Assuming a mass of 1850 MeV for the'l, ss state,

3. The unobservedp(1850) TABLE Xlil. 11D, ss

The 1°D; ss ¢(1850) is predicted to be a very broad 7,(1850)
resonancel’,,;~650 MeV, due to a very larg&wave cou-
pling to the KK,(1273) decay channel. Although this ap- _“Mode T'i(MeV) Amps.
pears discouraging experimentally, one should note that there 3P,=+0.12
has been no experimental confirmation of the theoretically KK* 114 3
very large D;—11S,+1%P, and 1°D;—11S,+1P; F2=+0.060
decay amplitudes in any flavor channel; if ti@, model K* K* 15 %P,=—0.10
has significantly overestimated these amplitudes, the 3F,=—0.0062
#(1850) might be considerably narrower. Rather smalleikk,(1273) 0 3D,=—0.011
couplings toKK and KK* are predicted, with branching
fractions of ~10%. The branching fraction to the [iny=129 MeV

sg-signature modey ¢ is expected to be=5%.
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TABLE XIV. 1 !D, (alt.).

7,(1842)=s|nn)+c|ss9

Mode I''\(MeV) Amps.
3p,=—0.116:—0.082G
KK* 111.%2+158.65¢+ 55.9%2 2
3F,=—0.058@&—0.041G
%p,=-0.10
K*K* 12.1c2—17.1sc+6.1s? 2
3F,=+0.0050@& — 0.00358&
KK, (1273) 0.22-0.3sc+0.18% 3D,=+0.0097%—0.0069%
3p,=+0.231s
pp 129.%? 2
’F,=-0.076%
) %p,=-0.22%
ww 40.3
3F,=—0.068%
way 33.8° 3D,=+0.0986
i 0.0 ’D,=-0.0032%
mrag(1450) 0.82 D,=+0.0183
55,=+0.285%
may 260.%° °D,=+0.10%
5G,=+0.00685
55,=-0.314%
ne 30.052 5D,=-0.0072%5

5G,=—0.0000358

[ihy=141c?+124sc+ 557 MeV
[ expi= 225+ 14 MeV

of ~90% and a rather large-wave component®F,/3P,  mixing if both states are indeeglq. The lighter 7,(1617)
=+40.52. The remaining decays are expected to populatbas been reported by WA102 in botha, and KK = [50],
K*K* almost exclusively. The predicted total width is ratherand the experimental ratiBKK,T,Wa2=O.O7t 0.03 is not far

small, I'o;=129 MeV, due to few open modes, limited fom our prediction of 0.14 for a puren 1D, state[23].

phase space, and the centrifical barriers present in all Casephis suggests that flavor mixing in thg system is not very
Experimentally there are two known resonances Wlth|arge’ contrary to what is implied by the relativea,
these quantum numbers, thg(1617) and#7,(1842). In strengths.

view of the mass of the+1 m,(1670), these twoy, states We can test the possibility of significantn—ss flavor

would appear to ban andss 1D, candidates, alt_hough the mixing in the 77, system by generalizing oGP, decay cal-
total width of the»,(1842),I'e, =225+ 14 MeV, is some- . 1ations to mixed initial states

what larger than our estimate for thén, ssstate. Although
LASS did not claim an isoscalar 2 resonance, their data (1617)=cog ¢)|nn) —sin( $)|sS (7)
suggest an enhancement at 1.8 to 1.9 GeV in thé 2 72 ) $)inm, d)ls9
KK =7 partial wave ink  p—K2K*77A (see Fig. 2e of
Ref.[53]). Since this production process enhangsselative
to nn, LASS may have evidence that the higher-masss

dominantly anss state. TheK3K* 7" final state can arise
from KK*, which we predict to be the principal decay mode

of the 1!D, ss state.

| 72(1842) =sin( ¢)|nn) +cog ¢)[s9), (8)

where we have assigned these the PDG experimental masses.

) = — . ) The resulting decay amplitudes and partial widths are given
There are problems with unmixeth andss2” * assign- i, Taples XIV and XV. The partial widths of the,(1842) to

ments. The7,(1842) has only been reported inm4and  he three important modesa,, KK* andpp are shown in

nmm modes, which are inaccessible to psstates in the  Fig. 2 as functions of the flavor mixing angte. Evidently,

%P, decay model. Bothy, states were reported in double |arge couplings tara, andpp follow from moderate mixing,

diffraction to wa, by WA102, with comparable strengths which could explain the WA102 observation of the(1842)

(see Fig. 3e of Ref.24]), which suggests importamin«ss  in pma and 4. Since the ratiByy« /BW612 is strongly de-
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TABLE XV. 1D, partner(alt.). 200
75(1617)=c|nn) - s|s3)
Mode I';(MeV) Amps. - 1eor
3p,=—0.074%+0.106 eVl
KK*  22.6%-63.8c+45.152 > ' ool
3F,=—0.014L+0.020G
5 3p,=+0.15@ ‘
pp 21.4
3F,=+0.0098% I
%p,=—-0.12
ww 6.2c2 2 0.12%
3F,=—0.0057%
may 3.1c? 3D,=+0.0436& %
7ap(1450) 0.0 1D,=+0.0015& ¢ [deg]
55,=+0.40% FIG. 3. Theoretical widths of the orthogonal partnetDy
ma, 169.4:2 5D,= +0.036& 72(1617).

5 —
G,=+0.000692 An alternative possibility is that the higher-mass WA102

state#,(1842) is annn-hybrid rather than a mixedn«ss
guark model state, and thesV coupling of the hybrid is
rather small; for some reason tReTmoderas, is preferred.
Assuming the hybrid assignment, we would expect to find
evidence of an+1 2~ partner hybrid at a similar mass.
There have been several reports of possibjestates in this
mass region, notably B-wave 7 f, signal reported by AC-

I ihy=221c?— 64sc+ 455> MeV
[ oxpr= 18111 MeV

pendent on the flavor mixing angleé, this ratio may be
useful in determiningp if the 7,(1842) is indeed a quark

model state. ) e e f CMOR in 1981[77] that peaks near 1850 MeV. Several
At present, however, the assignment of i1617) and e hossible higher-mass, signals are discussed in Ref.
72(1842) to a mixed-flavor quark model pair appears im-r>3] qyite recently a state with these quantum numbers and

plausible, due to th&K* final state. The dominant decay eqonant phase motion was reported by the E852 Collabora-
modes of an orthogonal partner statg(1617) are shown in o in p~w [78], with a mass and width of M 1890+ 10

Fig. 3 and given in Table XV. The facts that thg(1617) .+ 76 Mev andl' =350+ 22+ 55 MeV. This exciting result
—KK* branching fraction observed by WA102 is rather may imply that a flavor nonet of nonexotic 2 hybrids

small (see Fig. 2e of_Ref[fSO]?, 3’72(1617)*’('("’”2__0'0_7 exists at a mass of 1.8 to 1.9 Ge¥6r nn flavor), just as
+0.03, and that there is no indication of thhg(1842) in this anticipated by the flux tube modp5,46.

data, argues against assigning both reported states to an
nn— ssmixed pair; our Figs. 2 and 3 show that there should
be a fairly large KK* mode evident in the combined
7,(1617) andz,(1842) signals, whatever the mixing angle

¢. Only the quite weaky,(1617)—KK* transition is evi-

H. 1F states
1. 1F ssand the “&(2230)” region

The 1F ssmultiplet has long been of interest because of

dent. the Mark Il [79] and BES[80] reports of a possible very
narrow £(2230) in J/¢ radiative decays. This evidence is
300 controversial because DMB1] did not see this state, al-
F B though they had slightly better statistics than Mark Ill. The
ro2sop S JETSET Collaboration studieisK s [82] and ¢ ¢ [83] final
[MeV]

200+

1501

100+

\
\
\
\
\
\
\
\
\
\
\
50 N
\\
I

0
-90

FIG. 2. Theoretical widths of the three leading modes of a

-60 -30 o
¢ [deg.]

flavor-mixed 1'D, 7,(1842).

30 60 90

states inpp annihilation at LEAR, and found no evidence for
a narrow resonance with the reporté@2230) mass and
width. The Crystal Barrel Collaboratiof84] also saw no
evidence for this narrow state pp— 77, although the BES

results onpp and n» imply that they should have seen a
large signal. The most recent experimental developments are
extremely strong limits on a narrog(2230) in yy—KgKg

from L3 [66] and Belle[67],

I',,[ (2230 ]- B#(2230) -k gk g

14 eV, 95% C.L.(L3)

<
1.17 eV, 95% C.L.(Belle). ©
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Motivated by the original Mark 1ll resulti, Godfrest al. higher-L amplitudes predicted to be weak or zero would pro-
[20] calculated a subset of°F, and 1°F, ssdecay modes vide an interesting test of th&P, model.
(thought to be all the important onesand found relatively Identification of the £F, ss and a determination of its
small total widths for these statg3hese particulassstates  decay parameters would be an important contribution to our
were considered because the reported signal had a mass cemderstanding of this historically controversial region of the
sistent with expectations for theFlss multiplet, and had to  SPectrum. The broader experimental states in the 2200 MeV
have even”* quantum numbers since it was reported in"€dion, which are discussed at the end of the previous sec-
K<Ks.) These results suggested that the surprisingly narrowion, are possible candidates for thg2200) 1°F, ss state.

£(2230), if real, might simply be a conventions$ meson
rather than a more unusual state such as a glueball or hybrid. o
Subsequent work by Blundell and Godfrgy7] greatly The 53(2200) 13F; ss state is predicted to have a total

modified these conclusions. In théR, sscase an orbitally Widih of about 300 MeV, and to decay dominantly to
excited mode that had previously been neglected<K3(1429), with a branching fraction 6#40%. (The VV
[KK,(1273)] was found to be dominant, making this 2 @nd PsV modes have an=2 barrier, whereas the

m * , . o
state rather broad; this eliminated the terssoption for the gﬁééliiigé*m(ﬁteh 'Z (l:j)cr);lgr?i:tgl;}af-r\gii/gg\ E:;S'?/ wgggr;l

. . , ()
§(2230), provided that theP, decay model is reasonably 5G;/°D5 amplitude ratio of—0.62. The branching fractions

Qccurate. The 3F, ssstate was confirmed to couple prima- i, k* K*, KK,(1273), K*K,(1273) and the unusual mode
rily to K*K*, KK* andKK in the Blundell-Godfrey work, nt5(1525) are each-5-10%. TheK*K* channel has two
although a total width of over 100 MeV was found. This was 5jowed amplitudes, and the®P, model predicts the
an order of magnitude larger than t§¢2230) widths re-  5g./5p, amplitude ratio to be+ 0.51. Interesting measure-
ported by Mark Ill and BES, so the explanation of the ments here include th&/D ratio in KK*, a test of the
£(2230) as a E ssstate now appears implausible. predicted dominance oKK3(1429), and the presence of
There is experimental evidence of a somewhat wider statehis state in;f,(1525), which in the decay model is due to
in this mass region. A state with a mass and width of Map (55— (s9 +(s9 transition.
=2231+10 MeV andI'=133*+50 MeV (with J undeter-
mined was reported inp ¢ by WA67 (CERN SP$[85], and 4. The unobserved,{2200)
the LASS Collaboration reported a4 resonance with a
mass and width of M2209°;/x10MeV and T
=60"19"MeV in K p—K K'A and K p—KgKsA
[86,87. Very recently, E173Serpukhoy also reported an
enhancement inKg¢Kg, with M=2257 MeV and T’
=56 MeV [88].

3. The unobserved4{2200)

Thef,(2200) is predicted to have a very large decay cou-
pling to KK;(1273), which would make this a rather broad
state; the expected total width is 425 MeV, Wl (1273)

~60%. The other decay modes of this state have theoretical
branching fractions 0&10% and are not especially charac-

teristic of ss states. It may be possible to identify the
f,(2200) in KK or KK*, or perhaps in thepn or 57’
modes.

The f,4(2200) is predicted to be the narrowest of tHe 1 One might hope to identifigs states ing¢, which has
ss states, with an expected total width of about 150 MeVpreviously been studied experimentally in searches for glue-
(Table XVI). Our results for this state are quite similar to ball resonances, notably in~p— ¢¢n at BNL[70]. Three
those found by Blundell and Godfrgg7] in their variant of ~ tensor states were reporteddnp at BNL, and the two near
the 3P, model using Kokoski-Isgur phase space. We alsamur assumed B ss mass of 2200 MeV were at 229728
find that the three important modes &, KK* andK*K*.  and 2339-55 MeV. These priori appear to be natural can-
Our partial widths for these modes are comparable, althoughigates for the #F, ss quark model state, and the reported
the precise values are rgther sensmve_ to klnemgtlcs becau§2e(2297)_)¢¢ strengths in differentb¢ waves are similar
KK* andKK areG-wave final states, with a resulting thresh- . — ) .

, -9 , ) to the pattern predicted for®F,(ss)— ¢ ¢; Etkin et al.[70]
old behavior of|p¢|®. The observation of thé,(2200) in reported B(°S,) =61 1%%, B(D,)=69"1% and B(°D,)
both KK andK* K* would be interesting in part because of _ oty b ; iF. s £.(2300 he |
the rather inaccurate prediction of the @Upartner decay ~_ <>-14’ whereas for a 2555 2( ) (1note the in-

. . - o creased magswe predict B(°S;)=0%, B("D,)=49%,
f4(2040)— mar [23] (which may be due to this strorigy| B(°D,)=28% andB(°G,)=23%. The theoretical ratio of
momentum dependencand the lack of information regard- . ) . — .
ing f,(2040)—pp, which is predicted to have a large D:Wave 5part|al widths —in  BFy(s9—g¢ s
branching fraction. There are algelatively weak analo- B("D2)/B(°D;)=7/4. —
gous ¢ and 7 modes, which measure the same decay In the °Py model, however, the 3, (ss)— ¢ ¢ branch-
amplitudes at different momenta and thus would provide useing fraction is predicted to be very smal0.5% for M
ful information. The multiamplitude VV mod&* K* is pre- ~ =2200 MeV), and unless this small branching fraction is
dicted unsurprisingly to be dominated by the lowest-L am-confirmed, identification of any of the resonances seefdn
plitude, °D,. Nonetheless an experimental study of the threawith the 13F, ssis questionable. Of course one should not

2. £,(2200)
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TABLE XVI. 1 %F,ss.

f,(2200) f4(2200) f,(2200)
Mode I, (Mev) Amps. I, (Mev) Amps. I, (Mev) Amps.
KK 36 1G,=+0.073 27 1p,=+0.063
%D3=-0.070
KK* 28 3G,=+0.050 78 3 39 3D,=—0.059
3G3=+0.044
D,=-0.11 55,=0
1 — 5 — 1 —
G,=+0.010 D;=—0.062 D,=+0.037
K*K* 53 21 16
5G,=—0.020 5G,=—0.032 5D,=—0.028
51 — 5 _
1,=0 G,=—0.040
% ,=+0.024 °P,=+0.18
KK,(1273) 5 4 18 3F,.=-0.048 243 2
3
3H,=+0.0049 SF,=+0.023
%F,=-0.031 3p,=0
KK1(1402) 6 o —o 0 Fi=-00089 0 *
4= 2= .
KK%(1412) 2 IF,=-0.018
5F,=—0.029 "Pa=+0.14 5p,=+0.060
KK3 (1429) 5 o 120 5F,=-—0.00048 22 T
5H,=-0.0011 5F,=+0.015
SH,=-0.0013
3D;=-0.012
KK*(1414) 0 3G,=+0.0081 1 s 1 3D,=—0.0098
G,=+0.0072
KK (1460) 0 1G,=+0.0052 1 p,=+0.012
3F,=+0.00031 "P=+0.096 3p,= —0.069
5F4 ——0.0012 Fa=—0.00087 5P2— +0.040
K*K,(1273) o ,* 23 3F,=+0.00091 6 7T
H,=—0.000011 . F,=-0.0018
F3=+0.0012
5H,=—0.000014 5 5F,=+0.0022
H;=—0.000015
7 7 1G,=-0.067 7 D,=-0.066
nn' 4 1G,=+0.036 14 1p,=+0.072
7' 0 1G,=-0.0095 3 'D,=-0.053
3 — 3 _
— F,=+0.017 P,=-0.15
7f3%(1426) 0 3; 000001 1 3F,=+0.025 29 st 0014
_ 4= 7Y 2=—U.
°P3=—-0.17
) 5F,=+0.014 3 5p,=—0.073
nf5(1525) 0 ; 28 5F,=+0.00011 5 .
H,=+0.00026 F,=-0.0078
5H,=+0.00030
7ns(1415) 0 1G,=-0.0076 0 D,=-0.017
5) _ 5 —
D,=+0.12 S,=0
b0 1 1G,=-0.0040 4 5D;=+0.070 ) D,=-0.041
5G,=+0.0080 5G;=+0.013 5D,=+0.031
5|4EO 5G2: +0.016
T'py=156 MeV ['py=297 MeV I'ny=425 MeV

eliminate the possibility that this tiny decay coupling may
simply be an inaccurate prediction of ti@, decay model;
this predicted small coupling should be checked against the The spin-singleth3(2200) (Table XVII) is predicted to
VV decays of other members of the’®, flavor nonet, once have a moderate total width of ,,,~250 MeV. This
these are identified. C=(—) state can be diffractively photoproduced, and the

5. The unobserved §2200)
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TABLE XVII. 1 'F3 ss specialize to R=0",0",1",2",3 ..., for which one
C-partner is exotic. For example, th&=JL~ kaon spectrum
h3(2200) will have an overpopulation of states relative t6€J
Mode I'i(MeV) Amps. =1"" 1=1 nn, due to the presence of both“F1~ "~
. quarkonium and ?¥=1"" hybrid basis states in the®J
KK* 71 D3=—-0.061 =1~ kaon mixing problem.
3G;=-0.050 Not only will there be “too many states” in a given kaon
KE K 29 *D3=+0.076 JF sector relative to+1 nn, we also anticipate irregularities
3G;=+0.028 between the kaon and=I1 nn spectra, due to mass shifts
KK,(1273) 4 3F,=+0.022 from kaon mixing with 5%exotic hybrid basis states that
KK,(1402) 2 3F3=+0.019 cannot mix in the £1 nn problem. The anomalously low
KK (1412) 1 1F,=+0.014 mass of theK*(1414) relative to thep(1465) may be an
5p,=+0.13 example of this effect. - o _
KK3 (1429) 94 5F,— +0.025 The absence of Q—par|ty also .|mp.I|es that the 'physﬁal J
5H..— +.0.0015 kao_n states are admlxtures of spln-sTglet a+nd spm-trqﬂpt
- 3__0 (’)10 basis states with Eﬁerent C fof31%,27,3" ..., unlike
KK*(1414) 1 . ® ] their neutral E1 nn partners. TheK; system is a familiar
Ga=—0.0083 example of this mixing; the physicaK,(1273) and
°P3=-0.083 K,(1402) are strongly mixed linear combinations| bfP,)
'F3=0 and|1°P,) basis states. The precise mechanism of this mix-
K*K,(1273) 17 3F ;= +0.00053 ing of differentSqq states is an interesting open question in
5F,— —0.0020 the kaon system. M|xmg _has been_ aFtrlbuted to coupling
. through decay channe(sriginally by Lipkin[89]) as well as
H;=—0.000018 — . L . . .
e +0.085 to gq spin nonconservation in the_,- OGE spin-orbit interaction
nd 25 5 3 (becausemg#my ), al_though this effect do_e; not appear
G3=+0.050 large enough to explain the observed 1P mixing angs.
, 3D;=-0.054 The dominant mechanism of singlet-triplet mixing has evi-
e 5 3G,=—0.010 dently not yet been definitively established, and can presum-
7h,(1386) 0 3F,=0 ably be clarified through additional theoretical studies and
measurements of the corresponding mixing angles in fhe 2
'y =249 MeV 1D and IF systems. Experience with thg, system suggests

that strong decays of the higher-mass states will allow deter-
mination of these mixing angles; to assist in this exercise we
production amplitudes of a high&rstate may provide inter- give the mixing-angle dependence of strong partial widths
esting information about the nature of diffraction. The decayand decay amplitudes for general mixed states in the decay
modeskK K3 (1429) andKK* are predicted to be dominant. tables.
The Sg_signature mode77¢ iS more attractive experimen_ The fact that the kaon sector has no valence annihilation
tally; the h3(2200) is predicted to have a rather large, ca.may also make it useful for the identification of large mixing
10% branching fraction tey¢, with comparable strengths in effects between=0 nn, ssand glueball basis states. A com-
D- andG-waves. The ratios we find for these amplitudes areparison of the spectra in these different flavor sectors may
3G;/3D3=+0.59 for ¢ and +0.83 for the partner open- show irregularities where valence annihilation is important,
strangeness modeK* . as may be the case in the scalar sector.
In summary, a comparison between the kaon andl hn
IV. KAONIA spectra should provide evidence for hybrids through kaon
overpopulation, and a comparison with thed nn andss
spectra may provide evidence @f-glueball mixing. Estab-
shing the spectrum of excited kaon states may thus be im-
rtant for searches for both types of gluonic hadrons ex-

A. General aspects

The kaon sector is interesting for several reasons. On
notable feature is that the usual kaon and antikaon states

not have diagonal C-parity, so there are fig-dxotics in trf pected in the meson spectrum. A determination of singlet-

kaon spectrum. The kaqn-flavor analoguesm)_f and ss  triplet mixing angles in higher-mass kaon states through
JCexotic hybrids should instead appear as a rich overpopumeasurements of branching fractions and decay amplitudes
lation of states in the conventional excited kaon spectﬂjm. is also an interesting experimenta| exercise, since these

A detailed comparison between the kaon amellnn  angles have not yet been determined except in the Kght
spectra may therefore be useful for the identification of hy-sector, and the mechanism that drives this mixing is not yet
brids using overpopulation. For this comparison one shouldinderstood.
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TABLE XVIII. 1 S kaons This state was first reported at CERN in 1976 as™a 1

enhancement ilK°7* 7~ near 1450 MeV[92]. The phase
difference between the 1wK* andpK waves in this mass
Mode I'i(MeV) Amps. region was observed to be approximately constant, as re-
quired if both arose from a single resonance. However, these
7K 21 'P1=+0.14  phases did not show resonant phase motion relative to the
clear 2" K% (1429) wK* andpK amplitudes, which argued
against a resonance interpretation of theeénhancement.

A BNL K™ p experiment next studied this"lenhance-
ment in the final stat& 7" 7, again in the reactio " p

Experimentally there are few plans to study the excited . K°#+ 7 n [93]. Depending on the fit assumptions, the
kaon spectrum with improved statistics. This is unfortunatenass and width of the enhancement were found to be M
in view of the importance of the kaon spectrum for studies of< 1450-1500 MeV and’~170-210 MeV. BothmK* and
overpopulation, mixing and valence annihilation effects.pK modes were reportedzK* being dominant:B .«

. . + + 1=l P
Hadronic reactions such a6~ p—(Knm) p could be ex-  _g5_7 possible evidence for resonant phase motion was

plored with a medium-energy rf-separated kaon beam, as i Fiq. 12f of Ref h e lear]
now under construction at Serpukhov. This would also bq%?&?iii(m'gf'or de?initi?/e.[?:i]r:’cltzjusti(t)nes} statistics were clearly

poss!ble at JHF, although this is not.part +of their current This was followed by a CERN study ofK p
physics program(At lower beam energies & beam may — . ] ] '
be preferable to the usull~, to avoid a large background of —K°7 7 n [94], which confirmed a large 1 signal in
s-channel strange baryon resonanc€sher possibilities in-  7K*, and gave a fitted mass and width of =M474
clude photoproduction ané*e™ facilities, which could *25 MeV andl'=257+65 MeV. (See their Table 3; note
study higher-mass kaon spectra through the sequential déhat this width is reported by the PDG as 275 M@\.) This
cays of initial ss states, anquannihilation in flight at GSI reference concluded that this signal did not seem to be due to

[91]. In pp annihilation one may extract higher-mass kaon? resonance, hecause thi an_qplitude _did not show the
resonances for example from partial wave analysegof expected resonant phase motion relative to the strohg 2
K+ (Knm). 7K* andpK waves.(See Figs. 12c and 13 of R¢b4].)

Finally, the high-statistics studies of heavy-quark physics " 1984 the LASS collaboration also reported a study of
and CP violation atD andB factories can contribute to the K™ p—K°z* 7 n [95]; they found a largerK* 1~ signal
study of excited kaon spectroscopy, through the identificationvith a mass and width of M 1412+9+2 MeV and I’
of resonances in final states with a kaon. The excited kaons 196+ 18+ 12 MeV, and saw no evidence for this state in
already reported in heavy-quark nonleptonic weak decays agk . The slowly varying relativerK* 1~ and 2" phase was
the K;(1273), K1(1402), K((1412) andK*(1717) (in D attributed to the presence of both Jand 2" resonances,
decays, typically at the 1% levef7]. Unfortunately,D de-  with similar masses and widths. The novel result of this ex-
cays are limited by phase space to kaon resonancesMvith periment was the lack of aAK K*(1414) signal, and it was
<1.73 GeV.B decays tkn final states have ample phase also noted that therK coupling of theK* (1414) must be
space but are limited by small branching fractions, for ex-very weak. In 1987 LASS reported another studykofp
ample Bg+ _+7+,-=(5.6£1.0)X10 ° [7]. B decays 10 _ ko + 2 [96] the conclusions regarding the* (1414)
J/+Knm may be more attractive, since they havegnphancement and the fitted resonance parameters were quite
much  larger granchmg fractions; BB*%J/wKW*g;’ similar to their earlier results in Ref95]. A 1988 LASS
=(1.4x0.6)x10 ° and Bpo .y yk+5-=(1.2+0.6)x 10 study of K~ p—K~*n [97] found that theK* (1414) was
[7], and the available phase space of 2.18 GeV is adequaigeakiy coupled torK, with a branching fraction of only
for the study of many of the excited kaons discussed here.(6‘6i 1.0+0.8)%. Despite the weak coupling, there was

evidence that the 1 7~ K™ phase motion in this mass re-
B. 1S states gion was better described by assuming<#(1414) reso-
The predicted partial width for the transitist — K is ~ nance(Fig. 17 of Ref.[97]). The weak but resonantK
somewhat underestimated by th#®, decay model(see coupling of theK*(1414) was also reported by LASS in an
Table XVIII), as usual for £S;,—11S,+11S, decays; this unpublished study oK ~p— K%z n [98].

K* (894)

T'iny=21 MeV
T exp=51(1) MeV

discrepancy was discussed in the section 8nskdecays. The K* (1414) seems an obvious candidate for ths2
radial excitation of theK* (894), since it is the first strange
C. 2S states 1™ vector resonance observed above e On closer in-
spection, however, there are problems with this identifica-
1. K*(1414), a problematical state tion. First, theK* (1414) mass appears too light if we also

The K*(1414) is an especially interesting state for futureaccept thew(1419) andp(1465) as 2S; nn states; a mass
experimental study, since its properties are clearly in disfor their strange partner of ca. 1.55 GeV would appear more
agreement with the expectations of the quark model for @lausible. (For example, Godfrey and Isgyf9] found a
first radial excitation of th&K* (894). mass of 1.58 GeV for their %5, kaon)
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TABLE XIX. 2 S kaons

K*(1414) K(1460)

Mode I'i\(MeV) Amps. I';,(MeV) Amps.
7K 55 p,=+0.12

7K 42 'P,=+0.20

pK 34 %p,=+0.13 73 3p,=-0.18
wK 10 %p,=+0.13 23 3py=-0.17
mK* 55 %p;=-0.15 101 3p,=-0.20
nK* 3 3p,=—0.11

7K 1(1273) 0.0 35=0
3D,=+0.00039
['thy=196 MeV [ thy=200 MeV

Fexpr=232-21 MeV  Tgyp=250-260 MeV

A second problem with identifying thi€* (1414) with the
23S, kaon is that the reportearK branching fraction is
rather smaller than théP,-model prediction. In Tables XIX

PHYSICAL REVIEW B8, 054014 (2003

both 23S,— 1S,+3S, transitions and are within the same
SU(6) multiplets; theoretically these amplitudes are the same
function of momenta, and up to phase space corrections
these branching fractions should be identi¢@lur predicted
branching fraction ratio 0By 1414y ok/-k* =0.61 in Table
XIX only departs from unity because of phase space differ-
ences). Although there is a node in this radial transition am-
plitude, in the 3P, model it is at|p;|=\15/28~1.1 GeV,

far from the physical final momenta ef 300—400 MeV. It

is difficult to see how the reported branching fraction ratio
can be accommodated given a simpS2 kaon assignment
for the K* (1414).

In the tables we also give results for an alternative
K*(1580) 2°S, state; this higher mass resonance should be
rather broad(total width ~350 MeV), but will again be
dominated by decays toK, 7K, pK and 7K*, with com-
parable branching fractions.

This disagreement in mass for the (1414) as a 3S;
kaon is the clearest discrepancy between theory and experi-
ment we find in any of the strange mesons we have consid-
ered. If this state is indeed a real tesonance, the low mass
may be due to the presence of additional hybrid mixing
states, as we noted in the Introductiofhe mixing problem

and XX we give predictions for the branching fractions andfoy kaons is different from the nonstrange sector because of

decay amplitudes of a¥5, kaon, assuming masses of 1414
and 1580 MeV. TheK*(1414) option predicts large and
comparable branching fractions #K, 7K, pK and wK*.
Although the total width is consistent with that of the
K*(1414), the LASS[97] wK branching fraction of (6.6
+1.0=0.8)% is well below our predicted 28%.

A third problem with identifying theK* (1414) with a

23S, kaon, probably the most serious, is the reported strong,

experimental  preference  for 7K* over pK,
B+ (1414) pk/mkx <0.17, 95% C.L. [95]. These are
TABLE XX. 2S kaondalt.).
K* (1580)
Mode I';\(MeV) Amps.
K 61 p,=+0.11
7K 60 'p,=+0.20
7'K 0.5 'p,=—-0.026
pK 90 %p,=+0.16
oK 29 %p,=+0.16
oK 8.6 3p,=-0.13
wK* 99 3p,=-0.17
nK* 11 3p,=+0.039
7K, (1273) 1.0 35,=0
%D,=+0.030
7K 1(1402) 0.9 35,=-0.054
’D,=0
K3 (1429) 0.0 D,=—0.0018
I'yhy=352 MeV

C-parity) Given the different set of hybrid states available
for mixing in the kaon flavor sector, if the mixing is large we
would not expect the mass or decay properties to be consis-

tent with the 2°S; nn-flavor candidatesw(1419) and
p(1465). A comparison of therK, wK* andpK branching
fractions of theK* (1414) with thewr7 and ww branching
fractions of thep(1465), for example, would be a very in-
resting test of whether these states appear to belong to the
same SUB) flavor multiplet. In view of the anomalously low
mass of this state, establishing resonant phase motion and
accurately determining its decay branching fractions should
be a high priority in future experimental studies of the spec-
trum of strange mesons.

2. K(1460)

This state was first reported in 1976 at SLAC by Bran-
denberget al.[100] in a PWA of K* 7" 7~ final states pro-
duced inK*p—K=7" 7 p at 13 GeV. The fitted mass and
width were M=1404+12 MeV andl'=232+16 MeV, and
the dominant coupling was found to beK,” with some
evidence formK* (with a poorly understood 0 contribution
near 1.23 GeYand pK (which was about 30% as large in
intensity aseK, and peaked at a rather higher mass, about
1.5 to 1.6 GeV; see their Fig. 2c

This discovery was followed by the ACCMOR analysis of
about 200 KK p—K~ 7" o~ p events at 63 GeY77]. The
K- 7" 7~ 0~ amplitude was fitted assuming the same three
modes,eK, mK* andpK. The estimated mass and width of
the 0" resonance werdl~1.46 GeV andl'~260 MeV,
with partial widths into each mode of ,«=117 MeV,

I’ 7kx»=109 MeV andl' k=34 MeV. Again it was found
that thepK signal peaked at a higher mass thak* andeK
(see their Fig. 18 Daumet al. noted that the €K” mode
would also include any contribution from#x.” The Par-
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ticle Data Group[7] has attributedall of this ACCMOR is accidentally quite close to the physical point; this also

“ eK” partial width to wK§ (1412), although Dauret al.do  suppressegK and »'K.

not make this claim. The dominance of the 3%, ss coupling to »'K* over

The mass of this state is consistent with expectations for K* is the consequence of an interesting interference be-

21s, radial excit_ation_of theK,_ assuming that t_he_(1300) IS tween thmﬁandsgcomponents of they and 7', coupled to

the correspon_dmg pion radial excnaqon. Similarly, the re-y,o spin-ond<* . This system has a selection rule opposite to

gorted total width of_~ 250-260 MeV is comparable to the o+ of the more familiarpK and 7'K final states, as ex-
Po model expectation oF ,;~200 MeV (Table XIX). plained in Appendix B. With our parameters we predict a
V\/"e_have not included the broadwK modes_ eK” or branching ratio 0B, x /B xx = 24.

k" in Table XIX because they are closed given our as-

sumedf(1370) andKj (1412) massegSee also Ref101] 2. K(1830)

regarding thex.) We can test whether these modes are im- 3 . . ]

portant by assigning a lower mass to the scalars as a width The °P, model predicts that this state has a total width of

effect. If we assume afn(700) and a&K* (1100) to model a only about 200 MeV, and the dominant decay modes are
hy(700) o ) pK* and (again rather surprisinglymK* (1414), both with

branching fractions of=20%. A largenK* branching frac-

tion is also predicted.

t There is an experimental candidate for this state from the
CERN Omega Spectrometgt02], reported in their partial
wave analysis of theK final state inK p—K*K K p. A
pseudoscalar amplitude with resonant phase motion was ob-

The possibility that the éK” r_node might arise from a served at a mass and width of M.830 MeV and T
nonresonant Deck effect was rejected by Brandenbua, ~250 MeV, consistent with our theoretical total width. The
as clear resonant phase motion was evident in this channel. Afedicted b'ranchin fraction 1o this modeBs. — 9% '
similar situation is found in the decays of th&1300); the P 9 P = I

3P, decay model predicts a dominanp mode[23], with

broad “€¢” and “«,” we find very small widths;
I'k(1460)-ek = 0.2 MeV and Ik 1460y == 1.5 MeV. There

is a node close to th&y(700)K physical point, but the am-
plitude is nonetheless intrinsically quite small, as is eviden
from the smallwK§(1100) width. Thus the’P, model is
inconsistent with the reports of larg&k or 7« modes.

() s only making a small contribution. There actually is E. 1P states
a large O w(m)g signal in the 1.2 GeV region, which if 1. K% (1429)

. : K3
resonant disagrees with the decay model. The VES Collabo- _ o
ration has argued, however, that th&m7)g signal may Given the success of théP, model in describing the
arise from a Deck effect rather than from th€1300) reso-  Strong decays of thg,(1275)[23] andf;(1525), one would
nance[71]. expect that the decays of their kaonic parti&f(1429)

Daum et al. [77] reported branching fractions @ ,««  would also be well described. This is qualitatively the case;
~42%, B,x~13% andB,x«~45%; this preference for the predicted ordering of partial widthgK>wK*>pK
mK* over pK is predicted by the®P, model, but is ex- >wK is in agreement with experiment, and the predicted
pected to be less pronounced. Th& mode has not been and observed values are roughly consistdiee Table
studied; it would be interesting to study this mode becausXXIlI.)
oK is “cleaner” than the modes that have been reported, and The detailed agreement with experimerkgl(1429) par-
the relative strengths of theK and pK should be close to tial widths (Table XXIIl), however, does not appear as im-

the SU3) flavor factor of 1/3 of these final states which arise pressive as for itss partnerf;(1525) (Table V). This is due

dominantly from theK(1460). to a mismatch between the scales of width®&Psand PsV
final states that has not been tested’j(1.525) decays, since
D. 3S states the partial width forf,(1525)—~KK* has not been mea-
sured.

1. The unobserved K(1950) Note that the partial width tgK is very small. This mode

The masses of theSstates are not yet well established in is suppressed by destructive interference between thend
any of the light flavor sectors. Here we assume the mass %Ecomponents of they, due to the comparable size and
the experimentaK (1830) for our 3S, state, and with a ite si f thac WK andK* 9K t iti
spin-spin splitting suggested by thg1465) and(1300) OPPOSILe sign o Zﬁ(nn) an 2 ~(S9K transi lon

oq.mplltudes. The coupling tg’K in contrast has constructive

2S candidates we assume a rounded mass of 1950 MeV f Interference and should be large; unfortunately this mode has

the 3S; kaon. ) )
Thislstate has many open two-body decay modes, & 0 phase space iK3(1429) decays. Observation of both

shown in Table XXI. The dominant mode is predicted to pelnese modes is pogsible in decays of higher-mass excited
pK*, with a strong preference for theP; final state. The kaons, and the dom'f“"?r.“ mode depends on.the angular quan-
wK* mode is also important, suppressed by a flavor factor ofum numbers of the initial kaoriSee Appendix B.

1/3 relative topK*. One surprise is that the second mode .
after pK* is predicted to berK* (1414), assuming that this 2. Ko (1412)

problematical state is indeed the&sXkaon. The very weak This state is especially interesting due to the controversial
K mode is due to a node in thtP, decay amplitude that status of light scalar mesons in other flavor channels. The
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TABLE XXI. 3S kaons

PHYSICAL REVIEW B8, 054014 (2003

K* (1950) K(1830)
Mode I'i\(MeV) Amps. I'\(MeV) Amps.
K 0 'p,=—0.0036
7K 1 p,=+0.017
7'K 0 1p,=-0.011
pK 8 %p,=+0.034 21 3p,=—0.061
0K 3 3p,=+0.035 7 3Py=+0.062
oK 12 3pP,=-0.083 18 3Pg=-0.12
wK* 5 3p,=-0.028 16 3p,=—0.053
nK* 0 3p,=+0.015 27 3p,=-0.13
7' K* 10 %p;=—-0.11
P,=+0.027
3p,=0
pK* 73 ! 45 3p,=-0.12
°P;=-0.12
SF,=0
P,=+0.028
%p,=0
wK* 24 ! 14 3p,=—-0.12
°P;=-0.12
°F,=0
boK 10 5,=+0.024
1
3D;=+0.049
3 —
S,=+0.033
h;K 2
' 3D, = +0.037
3 —
S,=+0.034
a;:K 8
! 3D,=-0.035
3 —
S,=+0.044
f,K 3
' 3p,=-0.028
a,K 4 °D,;=40.040 0 SDy=—0.0071
f,K 3 °D,=+0.050 0 5Dy=—0.025
w(1300K 18 !p,=+0.082
7(1293K 6 !p,=+0.083
0(1419K 2 p,=+0.067
3 —
=-0.069
h;(1386K 3 S
5D, =-0.024
3c —
— S,=+0.11
551426 4
1(1426K 3D,=-0.0073
75(1415K 2 P,=+0.070
3 =0
wK1(1273) 30 S
%D,=+0.085
mK}%(1412) . 7 15=-0.059
=0
7K1(1273) 4 =t
%D,=+0.040
3c —
=-0.032
K 1(1402) 3 S
’D,=0
wK3 (1429) 1 °D,=-0.063 6 5Dy=—0.059
wK* (1414) 46 8p;=—-0.12 40 3p,=-0.14
mK(1460) 20 1p,=+0.087
wK*(1717) 0 3p,=+0.0012
5P,=+0.001%— 0.0016
7K,(1773) 0 ' ° °
5F,=+0.0003%p + 0.0002%;
wK3(1776) 0 ’F,=-0.00036
[ thy=320 MeV ['ihy=201 MeV

T expr— 250 MeV

054014-21



BARNES, BLACK, AND PAGE

PHYSICAL REVIEW D68, 054014 (2003

TABLE XXII. Experimental and theoretical partial widths of théR, tensor kaork (1429).

Mode: T'; (MeV) 7K 7K pK oK wK* TaK*
K3(1429) (expy  49.1x1.8  0.1533% 85+08  2.9:08 24316  13.2:22
K3 (1429) (thy) 56 0.57 4.4 1.2 12.8

6(1412) has only been observed in th& mode. The
LASS Collaboration[97] found a mass and width of M
=1412+6 MeV andI'=294+23 MeV, and determined a
branching fraction oB _x=0.93+0.04+0.09 by assuming
that the reactiolk ~p— 7K~ n was dominated by one pion

[108], with a relatively large branching fraction. The PDG
[7] reportsBD+HK3(1412),T+ =(3.7:0.4)%, compared for ex-

ample to a total K"#*#" branching fraction of
Bp+_k-n+-+=(9.1£0.6)%), most of which is nonresonant.
In D°—K ™~ 7" 7° a recent CLEO study found that the larg-

EXChange. This branChing fraction is consistent with th%st kaon isobar contribution above tKg¢ was due to the

3P, model, which predicts that the other open chanmé,
has a branching fraction ¢£5%.

There is also evidence for th€j (1412) inpp annihila-
tion at rest toKK# in several channelsK, K, 7° [103],
K K=z [104], K"K~ #° [105] and K¢K* 7+ [106], as
summarized in Table 2 of Ref105]. Fits to theK§ reso-
nance parameter§l03,104 (specifically T-matrix poles
gave a mass and width of M1.42 to 1.43 GeV and’
~0.28 GeV, very close to the LASS results. It is interesting
that the fittedKK§(1412) contribution to thepp— KK
Dalitz plots is comparable to tHéK* contribution; this sug-

gests thapp annihilation could be an effective approach for
the production of higher-mass excited kaon states, perhaps
future annihilation in flight experiments at GE1].

Our predicted totaK§ (1412) width is rather smaller than
is observed[I'y,,~120 MeV versus the LASS result,,,
=294+23 MeV [97]. The amplitude for £P,—11S,
+11S,, however, varies rapidly with wave function param-
eter 8 and has a node ne@=0.3 GeV, so this disagree-

5(1412) [101] (see their Table VI). Of all the excited
kaon states above th&" only the low-spin statek (1412),
K1(1273), K4(1402) and theK*(1717) have been reported
in D and B decays; presumably the restriction of the final
state to total 30 suppresses highér;; strange states.

3. Ky(1273)K(1402)

The axial kaon¥K;(1273) andK,(1402) are among the
most interesting states in the kaon spectrum. Unlike their

and ss flavor partners, the kaons do not have diagonal
C-parity, so the spin-singletR; and spin-triplet AP, basis
states mix. This leads to a nontrivial mixing angléor each
W,L kaon multiplet, which for P we define by

|K1(1273)=+cog 0)|11P;)+sin(6)|13P,) (10
and

|K1(1402)=—sin(0)|1*P,)+coq #)|13P;). (11

ment is rather sensitive to parameters. We also note that the

OGE decay amplitude was found to be especially large ifAlthough an apparently equivalent mixing angle formula is
this channe[8]. Since the3P,-model decay amplitude may duoted by Blundell and GodfrelfEq. (10) of Ref. [18]], our

not be dominant in the decays of light scalar mesons, a confndles are actually opposite in sign because their definition

parison to experiment may not be justified in this case.
It is also notable that thé{(1412) was observed in
charmed meson nonleptonic decays by EGBI7] and E687

assumes a heavy quatfiencesn=K, antikaong whereas

we assume this mixing matrix for kaonsg=K,). This im-
plies opposite signs fof in the two conventions because the

TABLE XXIlI. 1 3P, kaons

K3 (1429) Kg(1412)

Mode I';(MeV) Amps. I'i\(MeV) Amps.
K 56 D,=+0.12 113 15y=+0.17
7K 1 D,=-0.023 6 15,=-0.075
pK 4 3D,=+0.045
wK 1 %D,=+0.042

mK* 13 %p,=-0.073

3P,=+0.0093
7K, (1273) 0 2 0 3py=+0.012
3F,=+0.000067
[ihy="75 MeV [hy=119 MeV

[ op=99=3 MeV

T op= 294+ 23 MeV
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TABLE XXIV. 1 ZS+1P1 kaons general mixing. K,(1402) >T K K,(1273) >R g (1973 >
10 oISy O T pK
K1(1273)=c|1'P,)+5s|1%P,) ‘ i
‘J’ K,(1402)
Mode I';(MeV) Amps. 0.75 Hekm
pK  21.82+61.6sc+43.652 35=—-0.242—0.34%
0.50

3D,=—0.00202+0.00143
7wK*  59.6?-158.%c+115.%° 35 -0.204+0.28%

3D,=—0.041T—0.29Gs 0237 )/

I ihy=81c?—97sc+15%* MeV 0.0 SRR
[ expi= 90+ 20 MeV 6 [deg ]

of

FIG. 4. Mixing angle dependence of soiig decay ratios. Re-
) ) ) i gions within = 1o of experiment are indicated by thick lines, and
charge conjugation operatdr gives opposite phases when the HQET pointsg~ +35.3° andf~ —54.7° are shown as dark

applied to|*P,) and|3P,) basis states. verticals.
In Tables XXIV and XXV we give results for decay am-
plitudes and widths of the tw&, states as functions af Alternatively, it has been noted that the spin-orbit interac-

=cos() and s=sin(d). Clearly the decay amplitudes and tion also drives singlet-triplet mixing given unequal
branching fractions depend strongly on this mixing anglequark and antiquark masses, and in the HQET limit
Since the3P, model is known to give reasonably accuratemg/mg—c one finds “magic mixing angles”
results for the decay amplitudes of nominally pde, and  of f=tan (1/y2)~+35.3° and 6=—tan }(\2)~

!p, stateqspecificallya;— pr andb; — o, both of which  —54.7°. The first value is not far from the suggested by
have nontrivialD/S amplitude ratios we can apply théP, K, data(Fig. 4). This approximate agreement may be spuri-
model to the determination of this mixing angle with someous, however, as a mixing angle & +5° is found in the

confidence. K, system with realistic quark masg@9|, which is far from
There is no theoretical consensus regarding the origin ofoth the HQET value and experiment.
the mixing angled. One speculation, originally due to Lip-  Experimentally, the pattern of decay branching fractions

kin [89], is that it might be determined by the coupling of the of the K 1(1273) and<(1402) is striking(See Tables XXVI
two |K,) states through their decay channels. With suffi-and XXVII.) Of the three nominally rather similaPsV
ciently strong decay couplings the physical resonances camodespK, wK and wK*, the K;(1273) shows a strong
be driven into near “mode eigenstati:s,” which would ex- preference forpK, By (1273 mk* jpk = 0.26+ 0.06, whereas
plain the separation intogK” and “ 7wK*” resonances. Un- : *
der certain simplifying assumptions this picture suggests %]e K1(1402) :doe%?fO Oﬂ?;(])StCO;XdU.S'VGIy. torK™, i
K,(1402) pK/ak* = 0. . ) parison with the the

singlet-triplet mixing angle ob~45°, essentially the value o . . -
required by experimenisee Fid. 4 Presumably the deca oretlcgl Py model prgnchmg frqcuon ra_tlos in .F|.g. 4 shows
au y experiments 9. 4 Su Y Y that this can be satisfied bykg singlet-triplet mixing angle

mixing model can be elaborated and applied to tie K,
of 6~ +45°,
and 2P K, systems as well, and can be tested when quanti- The D/S ratios for theK Iso d q |
tative information becomes available on the strong decays OL € rr_:\tlos or t eK, states also epen strongly on
the singlet-triplet mixing angle. The theoreticP,-model

these states.
|D/S|? width ratios for K;(1273)—7K* and K(1402)

251 . — 7K* are shown in Fig. 4; these are singular at the two
TABLE XXV. 1 P, kaons general mixing.

TABLE XXVI. Experimental and theoretical partial widths of

— 1 3
K1(1402)=—s|1Py) +c|1°Py) the axial kaon¥K;(1273) andK;(1402). The theoretical numbers
Mode I';(MeV) Amps. assume an HQET mixing angle=tan %(1/,/2)~ +35.3°.
pK 160.6:2—219.%c+82.%? 35 =—0.29@+0.20% Mode: T,
* *
3D, 10,0282+ 0.039% (MeV) pK oK fo(1370K  wK*  7K%(1412)
wK 52.3%-72.3c+26.8°  35=-0.294+0.208 K,(1273) 38+10 103  3%2 14+6 25+7
3D, = +0.025&+0.0366 (exph
mK*  141.1%+176.3c+78.8°  35=+0.24%+0.175% Kl((tﬁi)n) 58 3
°D;=-0.0498+0.0704  K,(1402) 5+5 2+2  3+3  164+16  not seen
(exph
[ thy=35%?—116sc+ 1882 MeV K,(1402) 30 10 203
[ oypi= 174+ 13 MeV (thy)
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TABLE XXVII. 1 2571P, kaons HQET magic mixing.

K,(1273) K,(1402)
Mode I';,(MeV) Amps. I'\(MeV) Amps.
pK 58 35,=-0.39 30 85,=-0.12
3D,=-0.00083 3D,=+0.046
oK 10 35,=-0.12
SD,;=+0.042
35=0 35,=+40.30
*
7K 3 3D,=-0.050 203 3p,=0
[ ihy=62 MeV [ ihy=244 MeV

T gxp=90= 20 MeV

[ oyp= 174+ 13 MeV

HQET points. The experimentHD/S|? ratios of 1.0-0.7 for
the K1(1273) and 0.04 0.01 for theK(1402) [7] are also
indicated, and the data show a strong preferenceffer
+35° over—55°. A more accurate measurement of DS

ratio in K4(1273)— wK* and a measurement of the sign of

D/Sin K;(1402)— wK* would be very useful for constrain-
ing the singlet-triplet mixing angle.

F. 2P states

Recent experimental work, especially from the VES
E852 and Crystal Barrel Collaborations, has established se

eral likely members of the R nﬁmultiplet, specifically the

a,(1726) [109] (also notable as the first radial excitation 5. similar's, and

reported inyy, by L3 at LEP[110]), a;(1700)[71,72,111
and h;(1594) [112]. Comparison with their P analogues
suggests that theR21P separation is=450 MeV. Presum-

ably the splittings in the kaon system are similar, so we ex
pect the 2P kaon multiplet at about 1850 MeV for unmixed

2°3P, states and about 1800 MeV for the meafP2-21P,
mass.
1. The unobserved K(1850)

We predict in Table XXVIII that the P tensor state
K3 (1850) is rather broad];,,~370 MeV, with no strong

Although the decays of the scalar typically have smaller cen-
trifical barriers, many of the tensor decay models are forbid-
den to the scalar. These compensating effects lead to compa-
rable total widths.

The important decays are again distributed over several
modes, but in this case decays to radially and orbitally ex-
cited states are expected to dominate. The largest mode is
predicted to bewK;(1273) (about 30%), with ca. 10%
branching fractions tpK*, b;K and 7(1300K. The rela-

‘tive strength intorK(1273) versusrK,(1402) is strongly

\éependent on the A mixing angle 4, here assigned the

HQET value. The VV modepK* andwK* are predicted to
°D, amplitudes. None of the resulting
K+ nsr final states is especially attractive experimentally, al-
though b;K— 7wK might be interesting as a flux-tube
model decay mode expected to show strange hybrids. The

K5 (1850) may be observable in its relatively wegkkK
decay, which is also expected to show evidence of the
K3 (1850) partner. A much weakeyK mode is expected,
due to destructive interference in theflavor state(Appen-
dix B).

TheK3 (1945) reported by LAS§97] in K7 at a mass of
1945+ 10+ 20 MeV (actually this is an average of two

preference for any one decay mode. The four largest brancf-ASS solutions, see their Tablg B a possible experimental

ing fractions are predicted to be p&K*, wK*, pK and 7K,
each in the 10—-20% range. Interference between|ting
and|ss) components of they and 5’ leads to the prediction
thatB,, «>B,k (see Appendix B Note that there is an in-
verted rule for the coupling of the®P, ssto »K* relative
to »'K*, so we also predict an importamtK* mode. The
theoretically suppressed modg K* is unfortunately not
easily accessible K3 (1850) decays due to the lack of
phase space. The predictions ti&}« andB,x+ are each

candidate for the 3P, state. A recent reanalysis of the data
found the K-matrix pole at 18853 MeV, consistent with the
LASS analysis, but the physically more relevant T-matrix
pole was found at a mass of 182@0 MeV, with a width of
250+100 MeV [113]. These parameters are consistent with
our expectations for a 3P, state. The strength of theK
coupling reported by LASS is, however, much larger than
our expectations for the %P, quark model state; experimen-
tally BK3(1945)—>77K:(52i 8+12)% (again an average of

~5%, but that the branching fraction to the Iower-masstwo solutiong, whereas thespo model predicts a much
mode7K is much weaker, may serve as useful signatures fogmallerB_, =6% for the 2P, kaon.

this state.

2. The unobserved K(1850)

The 2%P, scalarK§ (1850) is predicted to have a total
width of T';,;=450 MeV, comparable to the *P, tensor.

3. 2P;-2'P; K4(1800) states

Motivated by the well-known 1P;-13P; mixing in the
lighter 1P K, states, we quote decay amplitudes and partial
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TABLE XXVIII. 2 3P, kaons

K% (1850) K& (1850)

Mode I';(MeV) Amps. I';(MeV) Amps.
K 44 D,=+0.077 29 15,=-0.062
7K 1 D,=-0.023 0 1s,=+0.011
7'K 15 D,=+0.10 11 15,=+0.083
pK 44 3D,=+0.087
oK 14 D,=+0.086
¢K 12 D,=+0.091
wK* 47 3D,=-0.090
nK* 26 %D,=-0.13

5s,=-0.14
'D,=+0.021 IS - 40.068
pK* 78 3D,=0 48 S=+0.
5 —
. Dy=—0.095
D,=—0.056
SGZEO
55,=-0.14
'D,=+0.020 IS - 4+ 0.071
wK* 27 3p,=0 15 So=+0.
s 5Dy=—0.091
D,=—0.054
SGZEO
%p,=+0.058
b, K 8 2 49 3p,=+0.15
%F,=+0.0071
3p,=+0.065
h,K 4 2 26 3p,=+0.16
%F,=+0.013
%p,=+0.037
a,K 3 2 23 3p,=—0.10
3F,=—0.0050
3p,=+0.031
f,K 1 4 3p,=—0.080
8F,=-0.0022
5P,=+0.047
a,K 3 z
SF,=+0.0011
5P,=+0.066
f,K 3 z
5F,=+0.0036
m(1300K 0 D,=+0.013 48 15,=+0.18
7(1293K 0 D,=+0.015 16 15,=+0.18
3p,=+0.033
7K ,1(1273) 6 2 149 3p,=+0.22
°F,=+0.029
K,(1273) 1 *Py=+0.050 4 3py=+0.11
7 3F,= +0.0012 o
3p —
P,=-0.071
K, (1402) 11 2 0 3p,=—0.0031
3F,=0
5P,=—0.086
K% (1429) 15 2
SF,=-0.011
wK* (1414) 5 3D,=-0.049
K (1460) 2 'D,=+0.033 33 15,=+0.14
I'yhy=370 MeV I'ypy=455 MeV
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TABLE XXIX. 2 25*1p, kaons general mixing(two statey

K3(1800)=c|2'P,)+5|2%P,)

Mode I';(MeV) Amps.
- ) 35=-0.00776—0.011G
pK 40.8%—56.45c+ 20.%
’D,=-0.0874+0.061&
3@ — _ _
oK 13.2?~18.Isc+6.857 7 70.0094620.013%
’D,=-0.086%+0.061%
) ) %5,=+0.0736&~0.10%
oK 15.4%—6.6sc+17.8
3D,;=+0.084L+0.059%
3c _ _
mK* 45.22+63.%c+ 22.657 57 0.0012570.00175
%D,;=—0.091%— 0.065G
35,=+0.0102+0.083%
pK* 0.8c2—2.8sc+21.1s? 381
D,=+0.020%¢—0.086G
35,=-0.11&
pK* 47. X%+ 11.4° ’D,=-0.051%
5D,;=-0.062&
35=-0.12%
wK* 16.:2+ 3.1s? 3D,=-0.047%
°D,=-0.0583%
b, K 5.45? 3p,=—0.056%
h,K 4.1s? 3p,=-0.072%k
a;K 1.3c2—6.25¢+ 7.0s? 3p,=—0.0284+0.064%
fiK 0.1c?— 0.4sc+0.4s? %p,=-0.0162+0.037&
f.K 1.4c2+2.65¢+1.252 "P1=7006480.0603
5F,=—0.00104+0.000733
mK1(1273) 1.82+17.3¢+42.3° %p,=—-0.025c—0.123
wK1(1402) 1.8+ 2.6sc+ 1.0 3p,=—0.030%—0.024G
mKE(1412) 3.5c2+4.6sc+ 1.562 1p,=—0.045@— 0.029%
5P,=—-0.12Z2+0.113%
K3 (1429) 23.8:2— 43.65¢+ 20.452 !
5F,=—0.0094L— 0.00665
35,=-0.080&+0.114
mK*(1414) 14.82—27.25¢c+23.7? S

’D,=-0.041&—0.029%

[ ihy=227c?—70sc+2125% MeV

widths for 2P K;(1800) states as functions of a similar signs, a state that is accidentally suppressed in one mode
singlet-triplet mixing angled. Our definition of the 2 mix-  should be clearly evident in the other. The somewhat weaker

ing angle is

oK and$K modes are rather cleaner to reconstruct, and will
be useful as independent checks of the observation of these

[K3(1800) = +cog 0)[2'P1) +sin(0)|2°P1) (12 states. ThewK partial width is related tK by a trivial

and

isospin factor of 1/3with minor phase space differenges
The #K mode is experimentally attractive because the

|K2(180Q>= —sin(0)|21P,)+cod 6)[2°P,), (1) cos(@)sin(¢) cross term in this branching fraction is relatively

as was assumed forPlstates.

weak, so we expect both states to be eviden#lf, inde-
pendent of the mixing angle. This might explain the PDG

It is evident from Table XXIX that searches for these report of a *K;(1650)" state in¢K at inconsistent masses of
resonances might most usefully concentrate on the mode550+50 MeV and~ 1840 MeV.
pK and wK*. These branching fractions are intrinsically = The VV modespK* andwK* are interesting because the
large, and as their co&in(¢) cross terms have opposite three subamplitudeds,, 3D, and °D, are comparable and
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TABLE XXX. Experimental and theoretical partial widths of thg (1776) 1°D4 kaon candidate.

Mode: T'; (MeV) 7K 7K 7'K pK oK TK* pK*  wK* 7K}
KX(1776) (expy  30=4  48+21 49+ 16 32+9 <25
KX (1776) (exph 15+ 6 [114]

KX(1776) (thy) 40 19 005 10 32 14 42 12 11

are individually proportional to co8] or sin(¢), and thus

a better determine} (1776) branching fraction ratio pub-

may be useful in determining this mixing angle. The modelished elsewhere by LASEL14], which isB,x /B,«<=0.50

7K 1(1273) may also be useful for establishing tHe &ngle,

+0.18. This gives a partial width OTK§(1776)—>77K:15

since it couples strongly to the spin-triplet component in the+ g \ev, which is also quoted in Table XXX. Finally, there

initial state.

is an unpublished LASS result @, /B,«x=0.41+0.053

Experimental candidates for thes® 2xial-vector states [98], which agrees quite well with our theoretical ratio of

exist, but are rather

poorly established. The PDGq

A48.

“K1(1650)” entry summarizes three experimental reports of

states at masses of 165660 MeV, ~1800 MeV and

~1840 MeV, and only the lowest is inconsistent with our
assumed P mass. In view of the known experimental split-
ting of ca. 130 MeV between the twoP1K; states, these
“K1(1650)” reports may well represent observations of the

two F=1" 2P states.

G. 1D states
1. K% (1776)
In view of the reasonably successftiP,-model descrip-

tion of ¢3(1854) decays, one expects a similarly good de

scription of the decays of its kaonic partr€} (1776). The

relatively small total width of thé&% (1776) is indeed repro-

duced by the model; experimentally it i$,,=159
+21 MeV, compared to a theoreticB},;=148 MeV.

The PDG reports experimental branching fractions for th
3(1776), based largely on constrained fits to LASS dat
The resulting partial widths are shown in Table XXX, to- ¢ the 13
gether with our predictions. Although discrepancies betwee
theory and experiment appear possible, they are not esp 3D, 0 1%
cially significant at present accuracy. It is notable that th

mode with the largest theoretical branching fractipi*,

has not been incorporated in the PDG fit. Neglect of thi
mode will lead to overestimated partial widths for the re-
maining modes, as the branching fractions are assumed 2}

sum to unity.

In addition to the nine modes given in the summary table
there are several other numerically unimportant ones that a

listed in Table XXXI.
The nK/#%'K selection rule(see Appendix Bis clearl_y

evident theoretically; constructive interference between

and sgcomponents of they in this oddt 7K state makes
nK an important mode, where&s; — »’'K suffers destruc-

tive interference and hence is strongly suppresgedmpare
this to the everl:- decay modeK?(1429)— 5K in Table

XXIl.) The PDG quotes their fitted branching fraction of
BK§(1776)—> o= (30=13)%, which combined with their total

width gives the»K partial width of 4821 MeV in our
Table XXX. This width is consistent with theK selection

2. K*(1717)

The PDG considers onlyrK, pK and wK* modes for
this “K*(1680)” state, and previous experimental studies
indicate comparable branching fractions to each. Since the
7K branching fraction was determined by LA$%7] to be
0.388+0.014*+0.022, these three modes would appear to ac-
count for most of the decays of this state.

Our decay calculations suggest that this is not correct; we
find large couplings to 01" modes in Table XXXII, and the
largest branching fraction is predicted to bes#&(1273),

h Bk, (1273~ 40%. ThewK;(1402) mode in contrast is

predicted to be weak, but this result is strongly dependent on
the K; mixing angle 6, here assumed to be equal to the
HQET value~35.3°. If accurately measured, these branch-
ing fractions might strongly constraif. Unfortunately, the
7K, modes of thek* (1717) have not been studied experi-

Snentally.
a. y

This prediction of the’P, model is familiar in the context
D, candidatep(1700), which is predicted to have

Yery large couplings tara; and «h, [23]. Since this large

coupling has not been confirmed experimen-

ally in any flavor sector, the predicted dominance of

7K 1(1273) found here should be considered an interesting

Sfuture test of theP, decay model.

A large 7K branching fraction and a suppressgX one
e predicted, as expected for an ddéinal state(Appendix
B). The more important or interesting*(1717) decay
modes (larger than 2% branching fraction, and the sup-

rSressedr;’K mode are shown in the summary table. For the

three reported modes we predict the orderiatl>pK
~ 7K*, consistent with experiment.

We note in passing that th€* (1717) has been reported
in D-meson nonleptonic weak decayBp+_ k#o(1717)+
=(1.45+0.31)% in theK 7" mode[7], so this approach
might allow observation of the interesting modek (com-
parable torK) and 'K in the future(see Appendix B

3. Ky(1773) and K(1816)

The K, sector is especially interesting because it allows
tests of models of mixing between spin-singlet and spin-

rule, albeit with large errors. We note, however, that there istriplet states, as is seen in theg system. If this is a short-
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TABLE XXXI. 1 3D, kaons

K% (1776) K*(1717)

Mode I';(MeV) Amps. I";(MeV) Amps.
K 40 F;=+0.077 45 p,=+0.085
7K 19 1F,=+0.098 53 p,=+0.17
7'K 0 1F;=-0.0062 1 1p,=-0.030
pK 10 SF3=+0.045 26 3p,=-0.075
K 3 3F;=+0.043 8 3p,=-0.075
oK 1 3F;=—0.026 9 3P, =+0.095
wK* 14 3F;=-0.052 25 3p,=+0.074
nK* 0 3F3=+0.0079 1 3p,=-0.021

°P;=-0.13 L

. P,=+0.035
F3=+0.0033 3p.—0

pK* 42 3F,=0 2 e

. 5p,=-0.016
F3;=-0.0072 5

. F,=—0.0044
H3Eo

5P3=—0.12 L

. P,=+0.031
F;=+0.0028 5

. - _ P]_EO
K 12 F,=0 1 .
. P,=-0.014
F3=—0.0062 5
. F,=—0.0030
H3EO
boK 0 3D3=-+0.0092
' 3G4=+0.00012
hoK 0 3D;=+0.020 3 85,=+0.27
' 3G4= +0.00057 3D, = +0.0040
A K 0 3D3=+0.0043
' 3G,=—0.000082
‘K 0 5D3=+0.0012
2 5Gy=+1.1x10"°

mK,(1273) 1 "Dy=+0.022 145 °5,=+026
3G;=+0.0030 3D,;=+0.028
3 3c —
Dy=-0.022 $,=0

K4(1402) ! 3G,=0 0 3p,=+0.0085
5Dy=-0.027

K% (1429) 1 5(33 0.00053 0 5D, =+0.012

3= U
wK* (1414) 0 3F,=-0.0049 0 3p,=+0.0043
7K (1460) 0 F,=+0.0027 0 p,=+0.0061
['ihy=145 MeV [ ihy=348 MeV

Lexp= 15921 MeV I oyp= 322+ 110 MeV

distance effect we might expect to find much stronger mixingchecks of the®P, decay model, since if it is accurate a

in the P-waveK; system than in th®-waveK, states. The single value of the mixing anglé should correlate a large

smaller mass splitting in thi€, sector suggests that the mix- number of decays. In Tables XXXIIl and XXXIV we give

ing angle® may well be smaller here. results for the decay amplitudes and partial widths ofkhe
Since theK, states are 400—500 MeV higher in mass, onestates with general mixing angles,

can measure their couplings to many decay modes that are

inaccessible to the A K; states. This will allow many |K,(1773)=+cog 6)|11D,)+sin(6)|1°D,) (14
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TABLE XXXII. Important theoretical partial widths of%D, K*(1717) kaon.

Mode: T'; (MeV) 7K 7K 7'K pK oK K TK* h K 7K 1(1273)

K*(1717) (thy) 45 53 1.0 26 85 86 25 33 145

relatively clean modesK and ¢K are especially interesting
because their sigfcos(@) cross terms have opposite signs, so
|K,(1816)=—sin(#)|11D,)+cog #)|1°D,). (15  the ratio B, ¢kiok depends strongly on th&, mixing
angle. The odd- 7»K* mode is stronglyf-dependent as
One can see in the decay tables that m#&gypartial ~ well, and is predicted to couple dominantly to the spin-
widths are strongly dependent on the mixing angleThe  singlet ‘D, component of the initiakK, state(Appendix B,

and

TABLE XXXIIl. 1 25*1D; kaons general mixing.

K,(1773)=c|1'D,)+5|1°D,)

Mode I';(MeV) Amps.
) > %p,=-0.0812-0.099%
pK 43.8%+64.75c+57.05
3F,=—0.0454+0.037%
oK 1432+ 21850+ 18.7 *P,=—00815-0.0998
3F,=—0.0441+0.036G
3p,=—0.11%+0.136
K 14.82—33.5¢+21.65 2
3F,=—0.026c—0.0213
K> 46.52— 54.85¢+ 577 *P,=-0.0792+0.096%
8F,=—0.0532—0.0434
3P,=—0.14@— 0.0293
nK* 29.7c2+10.45¢c+ 1.252 . 2
F,=—0.046%+0.0065%
3p,=—0.089@&
°P,=—0.062%
pK* 20.%%+10.32 2
3F,=-0.0091%&
SF,=-0.0106
3p,=—-0.085%
wK* 5.9c2+ 3.082 "Po=-00603
3F,=-0.0078@
°F,=—0.00908
b, K 0.1s? %D,=—0.00878
h,K 0.3 3D,=-0.019%
a;K 0.1c?—0.1sc+0.1s? D,=-0.0076@+0.0070%
°5,=-0.22%—-0.28%
f,K 4.5c%4+10.95¢+6.752 °D,=—0.00047%—0.000113
5G,=—-2.18x10 "c+1.78<10 ’s
7K, (1273) 1.£%+5.3sc+6.68° 3D,=-0.0204£—0.0508
7K, (1402) 0.42+0.1sc ’D,=-0.016&—0.0013%
wKE(1412) 0.1c?+0.4sc+0.4s? 'D,=-0.0078%—0.015%
°S,=-0.19@¢:+0.23%
wK% (1429) 51.1c2—123.3¢c+ 75.%° 5D,=—0.0254+0.00603
5G,=—0.00066@ — 0.000545
K*(1414) 0124 012 3p,=—0.0042&+ 0.00524

3F,=—0.00484— 0.00398

[ thy=233%?—98sc+ 25%% MeV
T oxp= 186+ 14 MeV
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TABLE XXXIV. 1 25*1D; kaons general mixing.

K,(1816)= —s|11D,)+c|1%D,)

Mode I";(MeV) Amps.

) ) %P,=—0.097&+0.079%

pK 61.5%—61.5c+49.65
8F,=+0.042@+0.0514
3p,=—0.098%+0.080%

wK 20.%:2—20.85¢+ 16.05 2
3F,=+0.040%+0.0505
3P,=+0.14C¢+0.11%

K 26.1c2+ 38.85¢c+ 18.%2 2
3F,=—0.027@+0.033%k
3P,=+0.094%+0.0775

TK* 61.7c2+48.75¢c+51.82 2
3F,=—0.0482+0.059G

) ) %pP,=—0.0296:+0.141s
nK* 1.4c?—11.25c+34.65
3F,=+0.00784+0.056G
3P,=+0.10G
°p,=-0.070&

pK* 16.4c%+ 31.762 2
3F,=+0.015k
SF,=—-0.0174&
3P,=+0.0976

wK* 5.002+ 9.6 °Py=—0.069¢
3F,=+0.013%
SF,=-0.015&

h,K 0.7c? 3D,=-0.027&

b,K 0.5¢? ’D,=-0.016%

a;K 0.3c%+0.7sc+0.45? 3D,=+0.0134£+0.014&

f,K 0.0 D,=+0.00582+ 0.0062%
55,=-0.281c+0.22%

a,K 20.4%—33.35¢+ 13.62 D,=—0.00011&+0.00048%
5G,=+1.81x10 "c+2.22x10 s
°S,=—-0.261+0.213

f,K 29.1c%— 47 5 c+ 19.452 °D,=—-0.0026@€+0.010%
5G,=+0.0000928+0.000114

wK,(1273) 9.¢%2—8.0sc+ 1.652 3D,=—0.0582Z+0.023%

7K 1(1402) —0.1sc+0.852 %D,=-0.00142+0.020%

wK¥ (1412) 0.7¢>—0.7sc+0.252 'D,=-0.019%+0.00954
55,=+0.21%+0.19%

wK% (1429) 82.%?+136.1sc+57.05 °D,=+0.0075%+0.032%k
5G,=—0.00089%+0.00116

wK*(1414) 0.£?-0.1sc+0.1s? *Py=+0.0041€+0.00334

3F,=—0.0055%+ 0.00682

[ ihy=337c?+41sc+304s? MeV
T oxp= 276+ 35 MeV

Table XXXIX). The VV modespK* and wK* are interest- this measurement. TheK3 (1429) mode is also interesting

ing because there is no sif)¢os@) cross term in the partial because it could be weak or dominant, depending on the
widths; the individual subamplitudes are proportional tovalue of 6.

sin(é) or cos@) only. A determination of the relativdP, and

Unfortunately the experimental data on tKg states is

°P, VV amplitudes would be an excellent independentnot yet sufficiently quantitative to be compared usefully to
check of6, although these modes may be too weak to allowour decay predictions. The PDG claims thet3 (1429) is
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the dominantK,(1773) decay mode, but the individual ex- $K* mode withpK* or wK* would constitute an interest-
periments are not all in agreement about this. THe*, ing direct test of the assumed flav@uark massindepen-

f2(1275K, pK and oK modes of theK,(1773) are all gence of the qq pair-production amplitude in the
“seen,” which is at least encouraging for our proposed futures —

determination off from BK2(1773P SKIK -

The K,(1816) data is even less constraining, with only
two experimental references. The modds; (1429), mK*,
f,(1275K and wK are again “seen” in the PDG summary.
Daum et al. [77] actually report a strong preference for
wK3(1429), Bk ,(1816)- nk% 1 mmk ~0.77. N comparison they

P, model, sincepK* requiresss pair production whereas

pK* and wK* requirenn.

It is interesting that the reported PDG branching fractions
only account for about half of th&} (2045) decays. TH®,
model does not anticipate any additional modes with suffi-
cient strength to explain this discrepancy.

quote BK2(1816)—>f2(1275)K/7T7rK~0-18 andBK2(1816)—>7TK*/7Tﬂ'K
~0.05. This largerK3/7K* ratio is not consistent with the
3p,-model prediction that these two modes have comparable We assume a mass of 2050 MeV for théF}, kaon,
strengths. which is a roundedK} (2045) mass. Since this is a high-
The LASS observatiofil15] of both P- andF-wave con-  mass state with low, we find that many two-body final
tributions to the transitiolK (1773}~ wK (Table 2 of Ref.  states are predicted to have significant couplings. Axial-
[115]) is quite interesting, as we find that tRéP amplitude  vector plus pseudoscalar modes are among the most impor-
ratios for bothK,— wK transitions vary rapidly with the tant; 7K ,(1273), b,K, a;K and K,(1273) (in decreasing
singlet-triplet mixing angle). Although the LASS results are qyder of branching fractionare all predicted to be in the
not very statistically significantthe F-Wa\_/es are~ lo an_d ~10-30 % range. Th&-wave moderK,(1773) is also pre-
20 from zero, they do show thaF/P is quite small in  gicted to have a large~20%) branching fraction, although
K2(1816)._>.wK' This argues_ln_favor of a sizable and nega- g i strongly dependent on the?2singlet-triplet mixing
tive I.<2 mixing anglle; a vanishin,(1816)— wK F-wave angle; we have assumed HQET values for the iKycstates,
requiresf, = — tan™*(/2/3)~ —39°. analogous to thé;(1273) andK,(1402), and if this is in-
accurate there may be a largd&,(1816) mode.
H. 1F states The “standard” light modes such asK are predicted to
couple rather weakly to this stateK, pK and 7K* have
1. K3 (2045) predicted branching fractions of only about 5%. One attrac-
The K} (2045) is the single well-established member oftive approach to identifying this state would be to observe it
the 1F kaon multiplet. It is assumed to be the flavor partnerin 7'K (also a ca. 5% branghbut not in K, which is a
of the nn statesf,(2025) anda,(2011) and perhaps the Signature for decays to these everfinal states(Appendix
LASS ss candidatef ,(2209). The reported mass is much B).
closer to thenn states than thes candidate, which is sur-
prising, and is reminiscent of th€* (1410).
The PDG total width of 198 30 MeV is somewhat larger
than our theoretical expectation bf,;=~100 MeV in Table expected th&wave to be the largest VV amplitude.
XXXV. The *P model predicts that only a few low-lying g6 is a possible LASS candidate for this state at
two-body modes of th&; (2045) have branching fractions 1973+ 8+ 25 MeV [96], reported inpK and mK*, with a
larger than a few percent. This weakness of higher-masgyq; width of T'o=373+33=60 MeV and a relative

modes is typical of a higl-, high-J state, since the angular branching fraction 0Bys (1673 pk/xk* = 1.49+0.24+0.09.
threshold barriers for decays combined with smaller phas 2 "

space leads to smaller branching fractions.

The largest modes are predicted todd€* and 7K, with
branching fractions of=30% and~20%, respectively. The
predicted partial widtH .x=21 MeV is consistent with the 3. The unobserved K2050) states
reported LASS#K branching fraction of (9.8 1.2)% [97],

2. K% (2050)

Should this state be identified, there is an interestqg
decay model prediction that the light VV modekK*, wK*
and ¢K* will couple quite weakly, since they are predicted
to have zero coupling irswave. We mighta priori have

q‘hese results are consistent with our expectations fotra, 1
kaon.

; ) . The two F=3" 1F states will provide an independent
given their total width of about 200 MeV. We note, however, ..« ot models of the mixing between spin-singlet and spin-

that this agreement is rather fortuitous, since this@&\aave triplet kaon states, such as is observed in the 1

final state and as such has very stropg® threshold behav- K,(1273)K,(1402) system. We can expect the predictéd 1

ior. Only three other modes are predicted to be |argel’ thaﬁ'")qng ang'e to depend rather Strong|y on the assumed
5%, these beingK*, pK and7K*. The #K* mode, with  mechanism. If it is a short distance effect it should be much

a reported branching fraction of (1:4.7)%, can be used to smaller in theL =3 K states than in B, whereas if it is

test the assumed flavor independence ofrtheandss pair ~ simply a mixing angle chosen by heavy-quark symmetry, the
production amplitudes in the novel VV channel. Our pre-1F K; and 1P K; values should be similar. Since tlig;

dicted branching fraction of 2.7% is consistent with experi-states have much higher masses, there are many more decay
ment at the current limited accuracy. A comparison of themodes that can be used to determine this mixing angle.
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TABLE XXXV. 1 °F; kaons

K (2045) K3 (2050)
Mode I';(MeV) Amps. I';(MeV) Amps.
7K 21 1G,=+0.048 20 ID,=+0.046
7K 0 'G,=-0.011 1 'D,=-0.015
7'K 2 1G,=+0.029 15 'D,=+0.083
pK 7 %G,=+0.030 13 3D,=-0.042
oK 2 3G,=+0.029 4 3D,=-0.041
oK 1 3G,=+0.022 6 %D,=—0.054
wK* 8 3G,=-0.033 13 3D,=+0.042
nK* 3 3G,=-0.035 11 3D,=+0.068
n'K* 0 3G,=+0.00096 0 3D,=-0.0066
5 5 —
D,=-0.070 S,=0
1G,=+0.0055 'D,=+0.024
pK* 29 3G,=0 8 %D,=0
5G,=-0.011 5D,=-0.018
51,=0 5G,=-0.022
5 — 5 —
D,=—0.069 S,=0
1G,=+0.0052 D,=+0.024
wK* 9 3G,=0 3 %D,=0
5G,=-0.010 5D,=-0.018
51,=0 5G,=-0.021
°D,=+0.048 5S,=0
1G,=-0.0012 1D,=-0.017
PK* 3 3G,=0 1 %D,=0
5G,=+0.0024 5D,=+0.013
51,=0 5G,=+0.0050
%F,=+0.022 ®p,=+0.11
b,K 2 4 50 2
3H,=+0.0012 3F,=+0.0054
%F,=+0.027 3p,=+0.10
h,K 1 4 18 2
3H,=+0.0019 3F,=+0.0065
%F,=+0.012 ®p,=+0.13
h,(1386)K 0 4 18 2
3H,=+0.00032 3F,=+0.0034
%F,=+0.012 3p,=-0.074
aK 1 4 26 2
3H,=—0.00087 3F,=-0.011
%F,=+0.0093 3p,=—-0.074
f,K 0 7
3H,=—0.00056 3F,=-0.0082
fs;( 1426K 0 %F,=-0.0043 6 3p,=+0.087
! %H,=+0.000011 3F,=+0.0037
5F,=+0.015 5p,=—-0.042
a,K 1 4 7 2
5H,=+0.00048 5F,=—0.0084
K 1 5F,=+0.020 3 5p,=-0.043
5H,=+0.00073 5F,=-0.011
°F,=-0.00073 SP,=+0.027
f1(1525)K 0 4 0 2
SH,=-2.2x10°¢ 5F,=+0.00053
w(1300)K 0 1G,=+0.0036 0 D,=+0.0083
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K (2045) K% (2050)
Mode I";(MeV) Amps. I';(MeV) Amps.
7(1293K 0 1G,=+0.0038 0 'D,=+0.0083
7s(1415K 0 1G,=-0.0015 0 'D,=-0.0085
p(1465K 0 3G,=+0.00046 0 3D,=-0.0035
o(1419K 0 3G,=+0.0011 0 3D,=-0.0048
mK1(1273) 2 3F,=+0.017 79 3p,=+0.12
3H,=+0.0036 8F,=+0.017
7K1(1273) 1 3F,=+0.021 22 3p,=+0.14
3H,=+0.00073 8F,=+0.0041
pK1(1273) 0 3F,=—2.8x10°° 1 3p,=+0.023
SF,=+1.1x10°° 5p,=-0.013
SH,=+5.6x10"° 8F,=+0.00011
*H,=+6.9x10"° F,=-0.00013
mK1(1402) 2 %F,=—0.024 0 3p,=0
%H,=0 8F,=+0.0061
7K1(1402) 0 3F,=-0.0035 7 3p,=—0.094
3H,=—0.000079 8F,=-0.0017
K3 (1429) 2 °F,=—0.024 8 5p,=+0.043
H,=—0.0010 SF,=+0.013
7K3 (1429) 0 5F,=+0.00081 0 5p,=—0.0086
SH,=+7.5x10¢ 5F,=—0.00049
wK*(1414) 0 3G,=-0.0069 0 3D,=+0.0069
nK*(1414) 0 3G,=-0.00086 0 3D,=+0.0062
mK(1460) 0 1G,=+0.0048 0 'D,=+0.0085
7K (1460) 0 1G,=-0.000027 0 D,=—0.00069
wK*(1717) 0 3G,=+0.00012 0 3D,=+0.010
mKo(1773) 0 5D,=+0.0038 61 53,=+0.25
°G,4=+0.00013 °D,=+0.013
51,=+0.000017 5G,=+0.000083
mK5(1816) 0 5D,=-0.0037 0 53,=+0.018
5G,=—0.000020 5D,=+0.0033
®l,=+2.9x10°8 °G,=+0.000030
D,=—0.012 'D,=+0.0066
’G,=—0.00017 'G,=+0.00012
K% (1776) 0 0

N,=-9.3x10""

T ny=98 MeV
T expi= 198+ 30 MeV

T ny=295 MeV

We will assume a mass of 2050 MeV for bothr K, The PsVmodespK, oK, wK* and K have significant
states, so we need only quote results for one linear combingartial widths, and it is notable that the sign of the
tion, which we take to be sin(f)cos(@) cross term is channel-dependent; thus there is
especially strong-dependence in ratios such Bgy /B .

The VV modes have the interesting feature that their par-

The decay amplitudes and partial widths are given in Tapldia!l widths have no sir)cos() cross term, because the in-
XXXVI as functions of 6. Note that the total width is not dividual L, Ssubamplitudes are proportional to either sjn(
strongly dependent on the mixing angle; we expect thes8 c0s@). (This was also HOtEd for m2<edP25tatg decays.
states to have total widths of ca. 200—250 MeV whatever thd hus measurements of the&K* or «K* subamplitudes di-
value of 6. rectly access sitflj and cosg).

|K§(2050)=+cog 0)|*F3)+sin(0)|°F3).  (16)
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TABLE XXXVI. 1 25*1F, kaons general mixingtwo statek

K3(2050)=c|1'F3)+s|13F3)

Mode I';(MeV) Amps.
) ) %D;=—0.043@—0.0496
pK 21.%%+20.45c+24.%
3G;=—0.0304+0.0263
3D,;=-0.042%—0.04

wK 6.9c2+6.95c+ 7.957 3=~0.0422-0.0498

3G3=—0.029%+0.025%
) ) %D3=+0.0556—0.0643
oK 7.5c2—12.%c+9.4s
3G;=+0.0232+0.02056
3P — —
K 22.9%—17.85¢+ 25.48 D=~ 043 +.049%
3G;=—.0336&—.0291s
3 —

e 0,47+ 36504 17 462 D3=+0.012t+0.0816
3G3=+0.0062t—0.0313%
3y — _

e 5 324 0,954 0.1 D;=-0.039¢—0.0079%
3G;=—0.0059& +0.00088%
°D;=-0.050@
5D;=—0.040%

pK* 15.82+11.32 3
3G;=-0.015&
5G;=-0.0174%
’D3=-0.0492
5 — _

wK* 5.0c2+ 3.68° Ds=—0.0402
3G;=-0.014&
5G;=-0.0166
’D;=-0.035%

PK* 1.5+ 1.0s2 "D3=+0.0283
3G;=—-0.0035%
5G;=+0.00393

b,K 0.95? 3F;=—0.0146

h,K 0.552 %F;=-0.0178

h,(1386)K 0.1s? 3F;=-0.00756
ag(1450K 0.0 'F;=-0.0021%+0.00266
a;K 1.3c?—2.8sc+1.562 3F;=-0.0172+0.018G
L 0.2c?—0.5s¢c+0.35? 8F;=-0.013%3+0.0143
351426 0.1sc F3=-0.00616&—0.00686
fo(1370K —0.1sc 1F,=-0.00494+0.00612
f53(1500)K 0.0 1F;=—-0.00116-0.00133

5P;=—-0.0864—0.099%

a,K 28.2%+63.65c+36.72 °F3=—0.013%+0.000215
SHy=—0.000662+ 0.000574
5P;=-0.0882—0.10%

f,K 11.1c%+ 24.75¢c+ 14.%2 SF3=-0.017%+0.00032%
SH;=—0.0010%+0.000873
5P;=—0.055& + 0.063%

f1(1525)K 1.1c2— 2.5 ¢+ 1.562 °F3=—0.000844 - 1.50< 10 °s

SHy=—4.63x10 %c—4.01x 10 5s
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TABLE XXXVI. (Continued)
K3(2050)=c|1'F3)+s|13F3)

Mode I';(MeV) Amps.
3y — —
S(1465K 0.1sc D;=—0.0035&—0.00414
3G3=—0.00052@+0.00045%
0(1419K 0.0 3D;=-0.0049%—0.00573
3 —
Gy=—0.0012@+0.00104
7K41(1273) 1.3%+5.7sc+6.1s? 3F,=—0.016<—0.0346
7K 1(1273) 0.2%2+0.3s¢+0.18% 3F;=-0.0102—0.0106
5P;=-0.026%—0.0315
1F3=+0.0000525
pK(1273) 0.82+1.25¢+0.78? 5
Fy=+0.000032&— 0.0000556
SF3=—0.000124¢—0.0000718
SHy=—-2.07x10 "c+1.80x10 ’s
7K (1402) 0.2%+0.95c+0.25? 3F;=-0.0152—0.00706
3
7K1(1402) 0.0 3F;=-0.0046@ + 0.00354
mK%(1412) 0.5c%+1.3s¢+0.%? 'F;=—0.011L—0.014%
7K5 (1412) 0.0 1F;=-0.00322+0.000675
. , , 5P;=-0.089¢+0.10%
K3 (1429) 31.8&“—-69.6sc+40.5 5F3= —0.020%—0.000466
®Hy=-0.00142-0.00123
5P,=-0.10%—0.020%
* 2 2
7K3 (1429) 7.0c°+2.85¢+0.3 5F,= —0.00452 + 3.81x 10 s
®H,=—0.0000686+ 0.0000108
, , 3D,=-0.0071%+0.00823
* —
K (1414) 0.4 0.1sc+0.4s 363: —0.0071%—0.0061%
D,=+0.0011@+0.0073%
*
7K* (1414) 0.0 3G4=+0.00017@— 0.000858
3D3=-0.0035@— 0.00906&
* 2
mK* (1717) 0.5c+0.1s 3G;=—3.23x10 %~ 0.000176
5D;=-0.0048¢—0.012%
wK,(1773) 0.5c+0.25? ’
2 : : 5G3=—0.000058%—0.000193
5D;=-0.00442+0.0019%
mK5(1816) 0.0 5G,= —0.0000332—0.000011%
’$,=—0.165+0.19G
7 —
. ) ) Dy=—0.012&+0.00723
wK3 (1776) 25.82—59.45¢+ 34.%

’Gy=—0.000188 — 0.0000245
713=-1.59x10 %c—1.37x10 °s

['ihy=202?—33sc+23%2 MeV

In the higher-mass final states we find large branchinghe quark model up to ca. 2.2 GeV. This includes tiSe 2S,

fractions toa,K, f,K, wK3%(1429) andwK}(1776), again
with strong #-dependence. The final state&K} (1776) is in-
teresting in that it is the only opelk;(2050) mode with an
Swave amplitude.

V. SUMMARY AND CONCLUSIONS

3S, 1P, 2P, 1D and 1IF multiplets of strangeonia and kao-
nia, making a total of 44 states. 42 of these have strong
decayq43 since we considey, flavor mixing), and we have
carried out calculations of all the energetically allowed open-
flavor decays of all these states in the, model. All inde-
pendent decay amplitudes and partial and total widths were

In this paper we have presented a detailed survey of thgvaluated numerically and presented in detailed decay tables.
status and strong decays of all strange mesons expected lih total we have given numerical results for 525 two-body
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decay modes and 891 decay amplitudes. balls and hybrids, assuming configuration mixing is not

This work is intended as a guide for future experimentaharge, as one should eliminate tg quark model “back-
studies of meson spectroscopy, to indicate what modes angtound” in any search for new, unconventional meson reso-
amplitudes are expected to be important and are theoreticallyances. We also note that the spectrum of kaons will appear

interesting, as well as to allow the identification of unusualrather different from the spectrum o or ss states if mix-

states such as glueballs and hybrids through their anomaloiisg between quarkonia and hybrids important, because

decay prope.rties.. . _ o kaonia mix with more hybrid basis states due to the absence
We have identified several very interesting issues for fu-of C-parity. This may lead to irregularities in relative level

ture experimental studies involving the conventional quarkyositions in thenn and excited kaon spectra, as perhaps is
model states. As one example, in the sector we predict already evident in the low mass of the strarig&(1414)

two rather narrow states that have not been identified, theelative to thenn statep(1465). Irregularities between the

3 H ~ : —
1°D; ¢2(1850) with I'o;~210 MeV (with large KK* and .25 and +1 nn spectra may thus signal the presence of

n¢ mode$ and the £D, 7,(1850) (assuming it is purss, hybrid basis states.
see below with I';,;=~130 MeV, decaying mainly t&KK*.
The 7, states at 1617 and 1842 MeV are also very interest-
ing because the higher-mass state is only seenapn We
consider the effect of a largen— ss mixing angle, and note We are pleased to thank W. Bugg, S. U. Chung, F. E.
that this implies importanKK* modes that are not evident Close, A. Donnachie, W. Dunwoodie, A. Dzierba, S. God-
in the data; the possibility that the higher-mag$1842) isa  frey, T. Handler, H. J. Lipkin, R. Mitchell, C. A. Meyer, M.
nonstrange hybrid rather than a quarkonium state certaini}lozar, W. Roberts, M. Selen, E. S. Swanson, S. Spanier, E.
merits consideration. Future searches for (G-) ss states vaandering and D. Weygand for useful discussions and com-
might exploit then e and ' ¢ * sssignature modes.” which munications, and C..Salgado for enthu5|ast|c support. This
9 p K ) K ) >'9 ' work was supported in part by the United States Department
are not directly accessible to lighin mesons. of Energy under contract DE-AC05-960R22464 managed by
~ There are many interesting issues in the kaon sector. ONgT-gattelle at Oak Ridge National Laboratory, by the Uni-
is the amount of spin singlet-triplet mixing in the series of yersity of Tennessee, and by the United States Department of

F=1"273", ... kaons. TheK,(1273)K;(1402) system Energy under contract W-7405-ENG-36 at Los Alamos Na-
is known to have a large singlet-triplet mixing angle, and thetjona| Laboratory.

physical origin is not well established. Similar mixing is con-

sidered in the P, 1D “K,"and 1F “ K3" systems, and it is

noted that the decay amplitudes and partial widths of these APPENDIX A: °P, DECAY MODEL CONVENTIONS

states are often very sensitive to these mixing angles. Quan- |, tnis appendix we discuss some details of the

titative studies of these strong decay amplitudes and branchapO decay calculations that are presented in this paper. Our

ing fractions will allow the determination of these mixing diagrammatic, momentum-space formulation of the

gngles, and can also provide tests of the accuracy of thepo model is described in Ref8], and our results are es-
Po decay model. sentially an extension of the decay model calculations of

Kaons are much better established experimentally #san R [23], which considered onlyﬁmesons in detail.

states; of the 21 theoretical excited kaon levels we consider, 1o 3P, model describes open-flavor meson strong de-

just eight do not have plausible associated experimental can- — : . . —

didates. The eight unknown kaon states are predicted to ha\?éay as aqq p§|r—pr9du<LUon process, in which th? neyq

total widths in the I',,,~300-400 MeV range, and the Pair separate into finaiq me_sonsBPCand& The pair is as-

modespK, pK* andwK* should be useful for the identifi- sgmed to be produced in a™30"" state (hence

cation of most of these states. An interesting exception is the Po model”), corresponding to vacuum quantum numbers.

13F, K% (2050), which is predicted to have large branchingTh'S choice is supported by experimental amplitude ratios,

fractions to the unusual modesk,(1273), 7K,(1773) and notably theD/S ratios in 5’1_’77“’ [9] and a,—mp. As
b.K. noted in Ref[8], the usual°’P, decay amplitude is equiva-

Kaon decays to modes with an or ' are especially lent to the nonrelativistic limit of the interaction Lagrangian

interesting, in that an interference takes place between théi=g¥qiq. With the identificationy=g/2m, . (The dimen-
Inn) and|ss) components of the finak or 7. This inter- ~ sionlessy is the pair-production amplitude, which is taken to
ference is strongly constructive or destructive depending ole a free parameter in th#P, model) In this first detailed
the channel and angular quantum numbers, and there Brvey of strange meson decays we have chosen to avoid the
strong experimental evidence of this effectkij (1429) de- complications of moderate parameter variations and the ef-
cays. The associated selection rules have also been appliedf@st of the larger strange quark mass on the meson wave
D andB meson weak decays tpK and related final states, functions, and present results that follow from the previously
where unusual branching fractions have been observed. Wassumeadn SHO wave functions. Thus the analytical results
derived these selection rules from our strong decay amplifor amplitudes given in Appendix A of Reff23] are valid for
tudes in Appendix B. this paper as well. We assume the same SHO wave function
Finally, this work should be useful in searches for glue-width parameter and pair-production amplitude as 23],
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v=0.4 (A1) B B
B=0.4 GeV. (A2)

. . . . . A
Comparison of partial widths to experiment for light decays A c - - ¢
of strange states shows that the predictions are indeed a use-
ful guide with these parameters. One should of course expect d, d,
a slight decrease in length scale and hence a slightly lgger
in the strange mesons, due to the heavier strange quark.

This interaction leads to the two Feynman diagrams of 1 -
Fig. 1 for the process A-B+C. As shown in Ref[8], the | 7g) = \ﬁ(luu>+|dd>—2|s§>) (A10)
T-matrix element for each diagram in a given decay is the 6
product of separate factors for flavor, spin, and a convolution
integral involving the three mesons’ spatial wave functions 2"

FIG. 5. The two meson decay diagrams in &, model.

d

There is an additional overall “signature” phase of {) 1 — —

due to quark operator anticommutation. The color degree of |71)= \[§(|UU>+|dd>+ |s9). (A1D)
freedom, which would lead to a common overall multiplica-

tive color factor, is suppressed. These expansions imply a relation betwegmand 6,

The meson flavor states follow the conventions of Ref.
[23]. The fundamental quark flav@-and antiquark flavos
are q=(+d,+u;+s) and q=(+u,—d;—s), so for ex- Our maximally mixed states, witth=45°, correspond to the
ample |[77)=+|du) and |[K™)=+|su) but |¢)=—|ss), familiar value §~ —10°.
|p™)y=—]ud), and|K*)=—|us). Unless otherwise stated  The strange mesons,;(1273) andK,(1402) also require

we take then and %’ to be maximally mixed flavor states, careful phase definitions, since various conventions have ap-
peared in the literature. We define the singlet-triplet mixing

0p=d—tan (\2)~¢p—54.7°. (A12)

1 — — angle 6 for ns axial kaon states as
|7)=—=(Inn) —I[s9) (A3)
V2 IK,(1273)= +cog 0)|11P,) +sin(0)[13P,)  (A13)
1 - |K1(1402)= —sin(#)|11P,)+cog 6)|1°P,). (A14)
|n’>=T(|nn>o+|SS>) (A4)
2 As we noted in the section dd; mesons, our mixing angle

0 is opposite in sign to that of Blundell and Godfrgis]
because they apply Eq$A13), (Al4) to sn antikaons,
1 whereas we apply it tas kaons.

—(Juuy+|dd)). (A5) Two phy§|cally mdepeno_lent values 6ffo|l0\_/v from the
V2 HQET limit ms—%, which are g=-+tan }(1/\/2)~

+35.3° andg= —tan (\/2)~—54.7°. Reference to Fig. 4

For cases in which we consider the dependence om#f)¢  shows that the data strongly preféstan 1(1/y2), which
mixing angle we use an expansiongn flavor states, with a gives the HQETK; states

flavor mixing angle¢;
- _ [Ky(1273)=+2/31'P 1)+ 1/31°P;)  (A15)
| 7y=cod ¢)|nn) —sin(¢)|ss) (A6)
[K1(1402)= —\1/31'Py)+2/31°P,).  (A16)

This choice assigns the lightet,;(1273) state to thg,

N i — Y =3/2 multiplet, which may appear surprising since fhe
|7")=sin(¢)[nn) +cog ¢)|ss). (A7) =3/2 axial is expected to be the higher-mass state r?n the
HQET limit. Of course the HQET limit is difficult to justify
for strange quarks; this limit also anticipates a higher-mass
13p, state relative to the 3P,, whereas these are approxi-
(A8) mately degenerate in the experimental excited kaon spec-

trum. Our antikaorK; states are taken to be

where the +0 state|nn) is

Inm),=

and

The more common expansion in 8) octet and singlet fla-
vor states is

| 7)=c0g 6p)| 75) —SIN(Op)| 771)

and |K1(1273)= —cog 6)|1 1P} +sin(6)|13P;) (A17)
|7")=sin(6p)| 7g) + COK bp)| 71). (A9) |K1(1402)= +sin(6)|1P,) +cog 6)|13P,) (A18)
Our conventions for these $8) basis states are with the corresponding HQET states
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TABLE XXXVII. Flavor weight factors for strange meson decays.

Generic decay Example I flapor(dy) [ flapor(dy) F
(s9—(ns)(sn) p—KK” +1 0 2
(s9—(ns)(sn)’ $(1680)—KTK*~ +1 0 4

(s9— 77 f5(1525)— 77 -1/2 -1/2 112
(s9— 77’ f5(1525)— 77’ +1/2 +1/2 1
(s9—7'7' f4(2200)— 7' 7' -1/2 -1/2 1/2

(s9—7(s9 $(1680)— ¢ —1n2 -2 1

(s9—7'(s9 $(2050)— 7' & +112 +11/2 1
(s9—(s9(s9 f4(2200)— ¢ ¢p -1 -1 1/2
(s9—(s9(s9)’ -1 -1 1

(ns)—(nn),_4(ns) K**—m°K* 0 +1h2 3
(n9)—(nn),_o(ns) K3 " — K" 0 +112 1

(ns)— n(ns) K3 " — K" -112 +1/2 1

(ns)— 75’ (ns) Kit—n'K* +112 +1/2 1
(ns)—(s9)(ns) K3 —oK? -1 0 1

|K1(1273>= —\/2_/?411P1>+\/FS|13P1) (A19) conside). We then calculate théP, decay model Hamil-
tonian matrix elementh;; between this initial state
[K1(1402) =+ V1/311P,) + \2/313P,).  (A20)  |F1(1420)) and all[K"K* ™) final states; all matrix elements
for all possibleLg,,Sg;,Lcz,Sc, values are evaluated ana-
Note the change of the relative sign of the singlet and tripletytically. (The flavor weight factot 5, for each diagram,
basis states relative to Eq§A15), (A16). We use these from Table XXXVII, is also incorporated at this stagé&or
HQET states in calculating decays Kq final states unless our examplef,(1420)—KK*, we havel g=Sg=L=0 and
otherwise specified. For other excited kaon states with alSc=1, so the three matrix elemen&;,=—1,0,+1 are
lowed singlet-triplet mixing we treat the mixing angle as aevaluated. These are then integrated agaffjg(t:MBC(Q) for

free parameter. each allowed paifLgc,Mgc}, which givesL gc-moments of

The flavor factors that result from contracting these eXthe decay amplitudes. These moments are then summed into
plicit flavor states using diagrants, andd, of Fig. 5 are  decay amplitudes of definit®gc andJgc=Ja, as Clebsch-
given in Table XXXVII for the strange decays of interest Gordon series of the individualg,,Sg,,Lc,,Sc, moments.
here. TheseA— BC decay amplitudes with definite tota and

The amplitudes quoted in the detailed decay tables arg, . are the results quoted in the decay tables. For our

just the{ M, s} amplitudes of Refl8], in units of (GeV 2. (1420)~K*K*~ example, the allowed final states are
Amplitude ratios allow sensitive tests of the nature of a resog, .—1 andLg:=0,2, and the decay amplitudes we find in

nance, so it is important to determine these with well-define¢igch case are
relative phases. To quote specific amplitudes in the decay

tables we have specialized to particular charge states, which 24 2 Yy .2

i i ACS) =~ —;| 1- 5% e 12| (A21)
are illustrated by the examples in Table XXXVII. Note that 1 3502 9 71/Ag12
the BC ordering is important; if we exchange mesdand
C in Table XXXVII or in the decay tables, we change the 2912 y .
phases of the decay amplitudes. To obtain a unique set of ACD,) =+ lexz T 1/2e_x 2 (A22)
phases we defin@ as the recoil direction of mesds (with 3 B

C along —(), and the amplitudes are taken to be the coeffi- . . . _ .
cients of the T-matrix expansion in orthonormal angular mo-wherex=|P|/8=|pg|/8=|pc|/B. Numerical evaluation of
mentum eigenfunctionff ; (Q)}. For spinless final mesons these amplitudes with y=0.4, B=0.4 GeV, M,
B andC, these amplitudes are the coefficients of a sphericaf 1.420 GeV, Mg=0.496 GeV andM:=0.894 GeV (so
harmonic expansion. that|P|=0.1394 GeV anc=0.3484) gives

It may be useful to give an explicit example of the deter- 3a 12
mination of decay amplitudes. For our example we use the A(7S)=—0.4697 Gev (A23)
KK* mode of thef;(1420), which_ is the first multiampli- A(3D;)=+0.009206 GeV? (A24)
tude decay mode encountered in the decay tables for a

known (albeit controversial ass) state. We assume SHO which are the numbers givefith fewer significant digits
wave functions with a universal width paramefe(see Ap- in Table VII. Examples of an equivalent decompositiaith
pendix A of Ref.[8]), and for our initial|°P,) state with  different flavor factors, for nonstrange quarkse given in
Ja=1 we setd,,=+J, (this is done in all the decays we Egs.(7)—(15) of Ref.[8].
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TABLE XXXVIIl. Generalized  and ' flavor factors. APPENDIX B: SELECTION RULES FOR DECAYS
TO »K™*) AND 2'K™)
Channel Iflavor(dl) Iflavor(dz) .
- 1. Introduction
K'* K" —sin(¢)¢ +cos@)/2 _ _ _ _
K'*~ g K™ +cos()¢ +sin(@)/\2 The relative branching fractions of decays of an excited

kaon to the pairs of modeK, »'K) and (yK*,n'K*) are
very interesting, in that they involve constructive or destruc-
The total decay rate is given by the T-matrix amplitudetive interference between than) and|ss) internal compo-
squared, integrated over final angles, summed over all finalents of thep or " meson. Lipkin[116,117 has previously
spin and charge states, and multiplied by the physical, reladiscussed this effect in the context of heavy-quddkaindB)
tivistic phase space; again this procedure is described in deonleptonic weak decays. In this appendix we consider the
tail in Ref. [8]. [We note in passing that thet — 7" 7° application to excited kaon strong decays, and derive the
example in that reference has a typographical error in Egassociated selection rules. The results are counterintuitive, in
(A17); the factor of M, should beEgEc/Ma=M /4, as that the higher-mass’ decay mode is often favored over the
stated in the subsequent tgx&ince we neglect mass split- 7 mode.
tings within an isomultiplet, the sum over charge states is a
simple multiplier of the partial width into the specific charge 2. »K and 'K final states
channel used as our example; this multiplier is quotedras
in Table XXXVII. F also incorporates a 1/2 statistical factor
if B andC are identical. The actual light meson masses use
here arem,=138 MeV, m, =496 MeV,m,=547 MeV,m,
=770 MeV, m,=782 MeV, myx=894 MeV, m,, =958
MeV, m,= 1019 MeV, me,= 1275 MeV, me, = 1282 MeV, -
m;,=1370 MeV, m, =1170 MeV, m, =1318 MeV, m,, |A)=|K"*")=—lus) (B1)
=1230 MeV, ma0=1450 MeV and my, =1230 MeV. For 1

the less familiar higher-mass states we used the resonance |B)=|y)=cog ¢) (|uU>+|dE>)—sin(¢)|s§> (B2)
label to display the assumed mass. For example, the \/5

K*(1414) entries in the decay tables imply that we assumed .

aK* mass of 1414 MeV in our decay calculations. |C)=|K")=—]us) (B3)
Again using the decay,(1420)—KK* as a numerical

example, since the differential decay rate is related to theo the two Feynman diagrams in Fig. 5. Evidently diagram

decay amplitude by d, only couples to th¢ss) component of they, requiresss
dl'a_gc . PEsEc 5 pair production, and gives a flavor factdlavor matrix ele-
=2m [hiil (A25) men) of —sin(¢). Following Lipkin [116], we also assume

dQ Ma
an ss pair-production suppression factor éf Diagramd,

and we have previously evaluated the individual moments o{ T -
. nstead requiresiu pair production and only couples to the
the final, orthonorma|®S,) and|°D,) states, we may ex- d hair p y coup

. |luu)y component of thez, giving a flavor factor of
Ferfriz tc)r}etkt]c;t?#gric;amsr?:ummed over charge channeis +cos(h)/\/2. Combining these factors, and carrying out this

exercise for theyp’ as well, we find the generalized flavor

To illustrate these selection rules, we first consider the
gecy of a generic excited kadt'**, with flavor state
=|us), to »K*. [The K'** must haveS;s=1 because the
spin matrix elemeng,=0—(Sg,Sc) =(0,0) vanishes in the
3P, model] We first attach the flavor state vectors

Tt (1420 -KK* :(724),277%“A( 35))2 factors given in Table XXXVIII.
: My, Since sing)~cos(p) in practice, it is clear from the table
that decays tayK would experience destructive interference
+ACDY. (A26) phiel b

between diagramd; andd, if the flavor factors were the

Using the moments quoted above in EGs21), (A22) this only relevant v_ariables. _Conversely, decaysrtdK _experi-
gives for the total decay rate ence constructive flavor interference. If the amplitudes asso-

ciated with diagramsl; andd, were equal, neglecting phase

2
PEEks 7V 24 2° 2, space differences the branching fraction ratio would be
I'¢ (1420~ kK* = SW—Mf 25 = 1-gx
1 2
B 1-\2¢ta
. nK:< ¢ rw)) | -
+5x (A27) By | tan(e)+y2¢

For maximally mixed stateftan(¢)=1] without ss pair-

On numerically evaluating this rate with our assumed masseﬁroduction suppressiorEE 1) this ratio is

and parameters we fian1(1420FKK*=O.2538 GeV, as

quoted in Table VII with fewer significant digits. We used a B« [1-+2\2
similar moment decomposition to evaluate the other total u =(—) ~0.029, (B5)
decay rates given in the detailed decay tables. B,k \1+ V2

054014-39



BARNES, BLACK, AND PAGE PHYSICAL REVIEW D68, 054014 (2003

which shows that this interference can have a dramatic efwhich generalizes th&wave result(B4). This agrees with

fect. Lipkin’s Eq. (10b) in Ref. [116], in which the maximally
Of course the amplitudes associated with diagrdimnand  mixed case tang) =1 was assumed. Evidently the general

d, are not equal in general. They instead have diagram-rule is that odd-L final states favajK, and even-L favors

dependent, coupled spin factors and spatial overlap integrals’ K.

which in the 3P, model are CG-weighted sums of terms of ~ Observation of the enhanceg’ K modes requires the

the form study of evend kaonia with masses well abowd ,, + Mg
) =1.45 GeV. Only four of the states we have considered in
Ispimspacédl):<S§&|O>|dl' f d3kpa(2k— 2B) this paper satisfy these requirements, th@2, 23P,, 1°F,
and 1°F,. Of these only the F, has a widely accepted

><¢§(2|2— §)¢’é(2|2— B)K (B6) eiperimental /candidate_, thléj{(2045). Unfortunately thg
K3 (2045)— 'K branching fraction is predicted to be quite
and small, due to thes-wave centrifical barrier. Identification of
these as yet unknownR2and 13F, states could prove diffi-
, _ - . 3 L oR cult because they are all expected to be rather broad, with
spinespackd2) =(5910)l, f dkda(2k+28) I'1or~300—400 MeV. In part because of these large widths
the theoretical branching fractions of these states to the en-
hancedrn’K modes are unfortunately not especially large; all
- ) . . — are 3-5%.
Here (sg|0) is the spin-vector matrix element of thg It will be easier to test the selection rule ofK states
pair produced in the spin state implied by each dlagram.W%bne' since this mode has a much lower threshold of
can take theK'*"—»K" and K'*"—#'K" overlaps 1 04 Gev. The branching fraction ratio relative K,

|'spin+ spacet0 b€ single term¢B6) and(B7) for each diagram  \hich provides a convenient reference, is
without loss of generality because the final mesons factor as

g FSREAE rx+ B 1
¢LLZ=oo(p)ng=oo’ and the initial mesoi’* ™ is the sum of B_ﬂ:i: g(cos( é)—(—1)t8c\2¢sin(¢))2,  (B12)

T

X ¢k (2k+B) ¢ (2k+ B)K. (B7)

b, (f)) X, factored components that can be treated indi-
vidtjally as the initialk'* *. EachK’** component gives a if we again neglect phase space differences. For the maxi-
single <S§&|O>:<X00Xoo|(;|xlsz> matrix element, which is mally mixed case with n@s suppression this becomes

the same for both diagrams because the fifi@lor 'K spin %_ } L
state| x,x,,) is symmetrical. Bok g3 (-1 =c2\2), (B13

The d; andd, spatial overlap integrals evidently satisfy ) ) .
which shows thatyK will be comparable torK in strength

fsf)'illc)e(ﬁ): fsf)';zc)e(— B) (B8)  in odd-L,x modes(decays of odd-J kaopsbut a factor of
~ 35 smaller thanrK in decays of even-J kaons. Of course
for any set of meson spatial wave functions. Since thesdhis simple estimate should be corrected for phase space,
integrals are related by parity, and the final states we arwhich usually leads to additional suppression of thk
considering have definite parity-(1)-ec, we may remove a mode relative torK.
common factor and find for th&’'* " — »K™* decay ampli- A very weak nK mode has already been reported in the
tude decay of the even-K%(1429), as expecte@lable XXII).
- S (d) g This suppression ofK in even-L final states could also be
AK’**HnK*“<S§U|O>' 'space(B) tested inK} (2045) decays. In contrast we should see large
1 7K branching fractions in odd-L final states, arising for ex-
x[ — ¢sin(é)+(—1)-ec— cog ¢)] (89) ample from decays of the odd-J spin-triplet stete'{1414)
V2 (assuming this actuallig the 23S, kaon), theK% (1776) and
o . . the K*(1717). TheK? is especially attractive for this study
and similarly fork’*"— »'K because it is relatively narrow, and there is already evidence
~ GO from LASS [114] that theK} — 7K mode is enhanced ap-
Aty #(59010)- T lofB) proximately as expected; the PDG width antl branching
1 fraction, combined with the LAS8, « /B, ratio[114], cor-
X [ +&cog @)+ (—1)ec—sin( d;)} . (B10) respond toFK§AUK= 15+6 MeV, consistent with our theo-
\/E retical prediction of 19 MeMsee Table XXX.

Neglecting phase space differences, #i€/ 'K branching

fraction ratio is again the amplitude ratio squared, 3. »K* and »'K* final states
L 2 a. Derivation.The selection rules for decays ipand »’
Bk :( 1-(=1) Bc\/fgtar(q’))) , (B11)  and anSy;=1 “K*” kaon are rather more complicated, as
B,k tar(¢)+(—1)LBC\/§§ they depend on th&,, of the initial kaon as well. The dif-
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TABLE XXXIX. Summary of dominantk *)— pK*) 2’ K*)
transitions.

Transition type even-lgc odd-Lgc
A—7C, n'C dominant dominant
K* —K 7'K 7K
K* *’K* 7]K~k 7]! K*
K‘) K* 77/ K* 77K*

PHYSICAL REVIEW B8, 054014 (2003

Our results for thesey; and »" modes in all cases are
summarized in Table XXXIX. AgairK andK* refer to any
spin-singlet and spin-triplet state, respectively.

b. Application to strong excited kaon decaye.test these
7(')K* strong selection rules directly in excited kaon de-
cays we would ideally prefer a parent resonance with suffi-
cient mass to populate botfK* and ' K*. This requires a
mass abové/ ,, + Mgx =1.90 GeV; of the excited kaons we
have considered theFlL states and %S, state satisfy this
constraint. Since theseFlstates all havd®=(+) they will

ference from the previous case is due to the modified spiRoPulate even-c 7(')K* final states. The iF, and 1°F,

matrix elements. The decays — »K and»'K involved the
spin matrix elementésga{0)=(x, X,/ 71X, ), Which were
identical for diagramsl, andd,,
| (d1)
spi

_(dp)
alikx = k= g pinlicr - Ok (B14)

For a transition of the typ&— »{’K* we have a spin ma-
trix element(s§o0) =(x_x,. |]x,,), Which is again iden-

tical for each diagram,

|(d1)

_(dy)
spin|K—»7](')K*_Ispzin|K—>7,(')K*- (B15)

initial states are pure spin-triplet, which from Table XXXIX
decay preferentially tayK* in this even-lz- case. This is
evident at the amplitude level in Table XXXV, witlhK*
preferred overp’K* by an order of magnitude in the’E,

%(2050) case. Unfortunately there are important centrifical
barriers, especially in the decays of théFl, K} (2045),
which restrict thepK* branching fractions of theselstates
to a few percent. A measurement of the raigy« /By«
might be feasible for the ¥, K} (2050) state, once this
resonance is identified.

Just as we found previously in consideriptl and 'K
decays, it will be easier to study the strength of the lower
mass modepK*, since the lower threshold of 1.44 GeV

Since the spatial matrix elements are identical, in this casg'akes more resonance couplings accessible. The ratio

we have a result analogous to the previagé and 7'K

B,k /Bskx can provide a normalized measure of the

result (again neglecting phase space differences for illustrastrength of theyK* mode. Of the states we have considered,

tion),

1-(-1)'ec\2¢tan(¢) | °
tan( ) +(—1)"ecy2¢
so that decays of a spin-singleK” favor 7K* in odd-Lgc

channels and;’ K* in even-lgc.
For transitions from spin-tripletK* ” states to K* and

BKAW]K* _

. (B16)
BK_,.,]/ K*

7n'K* the rule is inverted; in this case the spin matrix ele-

ments arésga|0)=(x X,
sign between diagrams,

5|X155>, which are opposite in

(dy) no— _(d2) ,
Ispin|K*H7I( wx =1 spin|K*ﬂ77( K-

(B17)

the single spin-triplet excited kaon belowy K* threshold
that is expected to have a larg&* branching fraction is the
as yet unidentified 2P, K% (1850); this has a theoretical
branching fraction oB,x«=7%, and a branching fraction
ratio of B,x+ /B, x+=0.55. The remaining interesting ex-
cited kaon states below’ K* threshold are the known®D,

*(1776) and £D, K*(1717); these have suppressgid*
modes since they are oddsg, and their sK* branching
fractions are predicted to be smaller than the corresponding
7K* branching fractions by factors of about 16€or
K3 (1776)] and 5(for K*(1717)], respectively.

Decay amplitudes of the mixed singlet-triplet mesons to
these modes are quite sensitive to the singlet-triplet mixing
angles, and may be useful in determining these parameters
more accurately; even in the relatively well-studiefd tase

This change of relative sign between diagrams generalizgsc,(1273) andk,(1402)] the mixing angle is not well de-

the reduced branching fraction ratio to

By _yx _[1+(—1)'5c\2¢tan )|
tan(¢) — (—1)‘ecy2¢

so decays of a spin-tripletK* " instead favor»K* in even-
Lgc and ' K* in odd-Lgc.

., (B18)
BK* sl K*

termined by the existing decay measuremeste Fig. 4.
Since the mixed-spin kaons all have unnatufatide lightest

final state of relevance here ¥K*, which can be used to
estimate the singlet-triplet mixing for example in the ex-
pected 2P;-2°P; K,(1800) and 2F3-1°F; K3(2050)
pairs. The spin-triplet component in each of these resonances
strongly favorspK*, as shown in Tables XXIX and XXXVI.
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